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Background 



Silverbrook's bilithic Memjet™ printheads are the target printheads for printing systems 
which will be controlled by SoPEC and MoPEC devices. 

This document presents the format and structure of these printheads, and describes the 
their possible arrangements in the target systems. It also defines a set of terms used to dif- 
ferentiate between the types of printheads and the systems which use them. 



Currently, this document is only concerned with the structure of the printheads and their 
systems, with regard to the way in which dot data is loaded. 

Refer to the Bilithic Printhead Specification [1] for the complete description of the func- 
tionality of these devices. 

This document relies on certain definitions and details presented in Bilithic Printhead 
Specification [1]. 



It is intended that this document be used as a reference for engineers involved in the 
design work on the SoPEC and MoPEC projects. 



1.1 



Companion Documents 



1.2 



Readership 
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2 Definitions 

This document presents terminology and definitions used to describe the bilithic printhead 
systems. These terms and definitions are as follows: x 

• Priflthead TVpe - There are 3 parameters which define the type of printhead used in a 
system: 

• Direction of the data flow through the printhead (clockwise or anti-clockwise, with 
the printhead shooting ink down onto the page). 

• Location of the left-most dot (upper row or lower row, with respect to V+ ). 

• Printhead footprint (type A or type B , characterized by the data pin being on the left 
or the right of K+ where V+ is at the top of the printhead). 

• Printhead Arrangement - Even though there are 8 printhead types, each arrangement 

has to use a specific pairing of printheads, as discussed in Section 3. This gives 4 
pairs of printheads. However, because the paper can flow in either direction with 
respect to the printheads, there are a total of eight possible arrangements, e.g. 
Arrangement I has a Type 0 printhead on the left with respect to the paper flow, and 
a Type 1 printhead on the right. Arrangement 2 uses the same printhead pair as 
Arrangement 1, but the paper flows in the opposite direction. 

• Color Q is always the first color plane encountered by the paper. 

• Dpi_Q is defined as the nozzle which can print a dot in the left-most side of the page. 

• The Even Pl^e of a color corresponds to the row of nozzles that prints dot 0. 

Note that throughout this document, where the various printheads and systems are pre- 
sented, the printheads always shoot ink down onto the page. 

Figure 1 shows the 8 different possible printhead types. Type 0 is identical to the Right 
Printhead presented in Figure 3 in [1], and Type 1 is the same as the Left Printhead as 
defined in [1]. 
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While the printheads shown in Figure 1 look to be of equal width (having the same number 
of nozzles) it is important to remember that in a typical system, a pair of unequal sized 
printheads may be used 
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Figure 1. Printhead Types 0 to 7 

Table 1 defines the printhead pairing and location of the each printhead type, with respect 
to the flow of paper, for the 8 possible arrangements. 



Table 1, Definition of the different printhead arrangements 
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3 Bilithic Printhead Systems 

When using the bilithic printheads, the position of the power/gnd bars coupled with the 
physical footprint of the printheads mean that we must use a specific pairing of printheads 
together for printing on the same side of an A4 (or wider) page, e.g. we must always use a 
Type 0 printhead with a Type 1 printhead etc. 

While a given printing system can use any one of the eight possible arrangements of print- 
heads, this document only presents two of them, Arrangement 1 and Arrangement 2, for 
purposes of illustration. These two arrangements are discussed in subsequent sections of 
this document. However, the other 6 possibilities also need to be considered. 

pie main difference between the two printhead arrangements discussed in this document 
is the direction of the paper flow. Because of this, the dot data has to be loaded differently 
in Arrangement 1 compared to Arrangement 2, in order to render the page correctly. 
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3.1 Example 1 : Print-head Arrangement 1 

Figure 2 shows an Arrangement 1 printing setup, where the bilithic printheads are 
arranged as follows: 

• The Type 0 printhead is on the left with respect to the direction of the paper flow. 

• The Type 1 printhead is on the right. 



Type 0 Printhead 



Type 1 Printhead 




Gnd 
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The printheads are facing downwards. 
The ink is being shot down onto the page Direction 

of Paper Flow 



Figure 2. Identification of printheads nozzles and shrft-regfster sequences for 
printheads in Arrangement 1 
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Table 2 lists the order in which the dot data needs to be loaded into the above printhead 
system, to ensure color 0-dot 0 appears on the left side of the printed page. 

Table 2. Order in which the even and odd dots are loaded for printhead Arrangement 
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Figure 3 shows how the dot data is demultiplexed within the printheads. 
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Figure 3. Demultiplexing of data within the printheads in Arrangement 1 

Figure 4 and Figure 5 show the way in which the dot data needs to be loaded into the print- 
heads in Arrangement 1, to ensure that color O-dot 0 appears on the left side of the printed 
page. 
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Figure 4. Signalling for a Type 0 printhead in Arrangement 1 



Figure 5, Signalling for a Type 1 printhead In Arrangement 1 
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3.2 Example 2: Printhead Arrangement 2 



Figure 6 shows an Arrangement 2 printing setup, where the bilithic printhcads are 
arranged as follows: 

• The Type 1 printhead is on the left with respect to the direction of the paper flow. 

• The Type 0 printhead is on the right. 



The printheads are facing downwards. 
The ink is being shot down onto the page. 



Type 0 Printhead 



t ? 

Direction 
of Paper Flow 
V+ 



Type 1 Printhead 




Gnd 



Figure 6. Identification of printheads nozzles and shift-register sequences for 
printheads in Arrangement 2 
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Table 3 lists the order in which the dot data needs to be loaded into the above printhead 
system, to ensure color O-dot 0 appears on the left side of the printed page. 

Table 3. Order in which the even and odd dots are loaded for printhead Arrangement 







wmmt 


Odd 


Loaded first in 
descending order. 


Loaded second in 
descending order. 


Even 


Loaded second in 
ascending order. 


Loaded first in 
ascending order. 



Figure 7 shows how the dot data is demultiplexed within the printheads. 
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Figure 7. Demultiplexing of data within the printheads In Arrangement 2 

Figure 8 and Figure 9 show the way in which the dot data needs to be loaded into the print- 
heads in Arrangement 2, to ensure that color O-dot 0 appears on the left side of the printed 
page. 
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Figure 8. Signalling for a Type □ printhead In Arrangement 2 
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Figure 9. Signalling for a Type 1 printhead in Arrangement 2 
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3.3 



Conclusions 



Comparing the signalling diagrams for Arrangement 1 with those shown for Arrangement 
2, it can be seen that the color/dot sequence output for a printhead type in Arrangement ] 
is the reverse of the sequence for same printhead in Arrangement 2 in terms of the order in 
which the color plane data is output, as well as whether even or odd data is output first. 
However, the order within a color plane remains the same, i.e. odd descending, even 
ascending. 

From Figure 10 and Table 4, it can be seen that the plane which has to be loaded first (i.e. 
even or odd) depends on the arrangement. Also, the order in which the dots have to be 
loaded (e.g. even ascending or descending etc.) is dependent on the arrangement. 

If the device controlling the printheads can re-order the bits according to the following cri- 
teria, then it should be able to operate in all the possible printhead arrangements: 

• Be able to output the even or odd plane first. 

• Be able to output even and odd planes in either ascending or descending order, inde- 
pendently. 

• Be able to reverse the sequence in which the color planes of a single dot are output to 
the printhead. 
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Figure 10. All 8 Printhead Arrangements 
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Tabte 4. Order in which even and odd dots and planes are loaded into the various 
printhead arrangements 









Arrangement 1 


Even ascending loaded first 
Odd descending loaded second 


Odd descending loaded first 
Even ascending loaded second 


Arrangement 2 


v/uu ucabcnuing lOaOeO ItrSI 

Even ascending loaded second 


Even ascending loaded first 
Odd descending loaded second 


Arrangement 3 


Odd ascending loaded first 
Even descending loaded second 


Even descending loaded first 
Odd ascending loaded second 


Arrangement 4 


Even descending loaded first 
Odd ascending loaded second 


Odd ascending loaded first 
Even descending loaded second 


Arrangement 5 


Odd ascending loaded first 
Even descending loaded second 


Even descending loaded first 
Odd ascending loaded second 


Arrangement 6 


Even descending loaded first 
Odd ascending loaded second 


Odd ascending loaded first 
Even descending loaded second 


Arrangement 7 


Even ascending loaded first 
Odd descending loaded second 


Odd descending loaded first 
Even ascending loaded second 


Arrangement 8 


Odd descending loaded first 
Even ascending loaded second 


Even ascending loaded first 
Odd descending loaded second 
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1*0 Basic Requirements 

To create a two part printhead, of A4/Letter portrait width to print a page in 2 seconds. 
Matching Left/Right chips can be of different lengths to make up this length facilitat- 
ing increased wafer usage, the left and right chips are to be imaged on an 8 inch wafer 
by "Stitching'* reticle images. 

The memjet nozzles have a horizontal pitch of 32 urn, two rows of nozzles are used for 
a single colour. These rows have a horizontal offset of 16 um. This gives an effective 
dot pitch of 16 um, or 62.5 dots per mm, or 1587.5 dots per inch, close enough to mar- 
ket as 1600 dpi. 

The first nozzle of the right chip should have a 32 um horizontal offset from the final 
nozzle of the left chip for the same color row. There is no ink nozzle overlap (of the 
same colour) scheme employed. 

1.1 Power Supply 

Vdd/Vpos and Ground supply is made through 30 um wide pads along the length of the 
chip using conductive adhesive to bus bar beside the chips. Vdd/Vpos is 3.3 Volts. 
(12V was considered for Vpos but routing of CMOS Vdd at 3.3 V would be a problem 
over the length of the chips, but this will be revisited). 

1.2 MEMS cells 

The current memjet device requires I80nJ of energy to fire, with a pulse of current for 
1 usee. Assuming 95% efficiency, this requires a 55 ohm actuator drawing 57.4 mA 
during this pulse. 

1.2.1 ISSUE!!! 

For 1 pages per 2 second, or -300 mm * 62.5 (dots/mm) / 2 sec ~= 10 kHz or 100 usee 
per line. With 1 usee fire pulse cycle, every 100th nozzle needs to fire at the same time, 
(looking ahead) We have 13824 nozzles across the page, so we fire 138 nozzles at a 
time. That is about 8 Amperes if all nozzle fire. 

That is 8 Amperes is for only 1 colour! 16A * 6 colours = 96 A for all colours. 

How many colours could print at the same time. CMYK colour space requires on 2 col- 
ours at the time are required, to create map any colour (saturated, full bleed back- 
ground). But the fixative ink us also required, and 12% coverage of InfraRed ink, 
means 3.12 inks would be a the ''best" worst case. Unfortunately, the peak could be all 
6 inks, as colours are not aligned to print the same point at the same time. 

With a 138 nozzles * 3.12 inks firing at the same time, at 180 nJ each in 1 usee, the 
memjet nozzle will average (138*3. 12*180)71000 = 78 W running a full speed.' 
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1.2.2 64um unit cell height 

This cell would have 4 line spacing between the odd and even dots, and 8 line spacing 
between adjacent colours. 

1.2.3 80 um unit cell height 

This cell would have 5 line spacing between the odd and even dots, and 10 line spacing 
between adjacent colours. 

1.3 Versions 

1.3.1 6 Colour 1600 dpi with 64 um unit cell 

Left and Right Chip. This version will not be prototyped. 

1.3.2 6 Colour 160Q dpi with 80 um unit cell 

Left and Right Chip. 

1.3.3 4 Colour 800 dpi with 80 um unit cell 

For camera application. Single nozzle row per colour. 
This version will not be prototyped. 

1.4 Air Supply 

Air must be supplied to the MEMS region through holes in the chip. 

2.0 Head Sizes 

The combined heads have 1 3 824 nozzles per colour totalling 22 1 . 1 84mm of print area. 
Enough to provide foil bread for A4 (210 mm) and Letter (8.5 inch or 21 5.9 mm). 



TABLE 1. Head Combinations 



Left 


Head 


Right Head 


Stitch Parts 


Nozzles per Colour 


Stitch Parts 


Nozzles per Colour 


8 


11160 


2 


2664 


7 


9744 


3 


4080 


6 | 


8328 


4 


5496 


5 


6912 


5 


6912 


4 


5496 


6 


8328 
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TABLE 1. Head Combinations 



Left 


Head 


Right Head 


Stitch Parts 


Nozzles per Colour 


Stitch Parts 


Nozzles per Colour 


3 


4080 


7 


9744 j 


2 


2664 


8 


11160 



Nozzles per Colour is calculate as (("Stitch Parts" -1)*1 18+104)*12. Nozzles per row 
is half this value. Most likely the 8:2 head set will not be manufactured. My current 
wafer layout, manages to avoid this set, without any loses. 

3.0 Interface 



Each print head has the same I/O signals (but the Left and Right versions might have a 
different pin out). Pins marked as. common can be controlled by the signal from the 

TABLE 2. I/O pins 











Max 


Name 


I/O 


Function 


Common 


Speed 
(MHz) 


Data [0-1] 


I 


Dot data for colours 0 - 5, using Differential Signalling 
(DataL the complementary signal), colours[0-2] on 
Data(0], colour[3-5) on Data[l] 


No 


300 




o 


Feedback for CMOS testing {LSyncL^l , ReadL=0) 
and (LSyncL^O, ReadL=0) 
[0] - nozzle test result 
[1] - temperature 






DataL[Q-l] 


I 


complementary signal of Data[0-1] 








o 


Feedback for CMOS testing (LSyncb=\ t ReadL°Q) 
and (LSyncL-Q, ReadL=Q) 
[0] - nozzle test result 
[1] - temperature 






SrClk 


I 


Dot data shift clock using Differential Signalling 
(SrClkL the complementary signal) 


No a 


600 b 


SrClkL 


I 


complementary signal of SrClk 






ReadL 


I 


Data[0-l]/DataL[0-l] in output mode (driving non-dif- 
ferential) 


Yes 


1 


FrClk 


I 


Fire pattern shift clock 


Yes 


1 


Pr 


I 


Pulse Profile for all colours 


Yes 


l c 


LsyncL 


I 


0 - Capture dot data for next print line 


Yes 


0.1 d 



a. Functionally could be common, but for timing/electrical reasons should run point to point. 

b. 300 MHz clock, so edges are 600 Mhz rate 

c. 1 MHz cycle, but the resolution of the mark/space ratio may require 50 ns. 

d. 1 0 kHz cycle, with minimum low pulse of 1 0 ns (no maximum), 
controller (SOPEC). 
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3.1 Dot firing 

To fire a nozzle, three signals are need. A dot data, a fire signal, and a profile. When all 
signals are high, the nozzle will fire. 

FIGURE I. Print head structure 
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The dot data is provide to the chip through a dot shift register with input Datafx], 
and clocked into the chip with SrClk. The dot data is multiplex on to the Data signals, 
as Dot [0-2] on Data[0] y and Dot [3-5] on Data[2], After the dots are shifted into the 
dot shift register, this data is transfer into the dot latch, with a low pulse in 
LsyncL. The value in the dot latch forms the dot data used to fire the nozzle. The use 
of the dot latch allows the next line of data to be loaded into the dot shift register, 
at the same time the dot pattern in the dot latch is been fired. 

Across the top of a column of nozzles, containing 12 nozzles, 2 of each colour (odd and 
even dots, 4 or 5 lines apart), is two fire register bits and a select register bit. The 
fire registers forms the fire shift register that runs length of the chip and back 
again with one register bit in each direction flow. 
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FIGURE 2. Column Structure 
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The select register forms the Select Shift Register that runs the length of the 
chip. The select register, selects which of the two fire registers is used to enables 
this column. A '0' in this register selects the forward direction fire register, and a 1 T 
selects the reverse direction fire register. 

The third signal need, the profile, is provide for all colours with input Pr across the 
whole colour row at the same time (with a slight propagation delay per column). 



Bi-Iithic Printhead Specification Confidential Silvertjrook Research, 4 September 2002 



3.2 Dot Shift Register Orientation 



The left side print head (chip) and the right side print head that form complete bi-lithic 
print head, have different nozzle arrangement with represent to the dot order mapping 
of the dot shift register to the dot position on the page. 



FIGURE 3. Print head dot shift register dot mapping to page 
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With this mapping, the following data streams will need to provided. 



TABLE 3. Head Combinations shift patterns (n»13824) 







Left Head 


Right Head 


Size 


n-m 


dot order 


m 




7:3 


9744 


[13822,13820,13818,...,4084,4082,4080,] line y+5 
[4081 ,4083,4085,...., 138 1 9,1 3821 ,1 3823] line y 


4080 


[1,3,5,...,4075,4077,4079,] line y+5 
[4078,4076,4074 4,2,0] line y 


6:4 


8328 


[13822,13820,13818,...,5500,5498,5496J line y+5 
[5497,5499.5501 1381 9,13821 , 1 3823] line y 


5496 


[1,3,5 5491,5493,5495,] line y+5 

[5494,5492,5490, 4,2,0] line y J 


5:5 


6912 


[13822,13820,13818,...,6916,6914,6912,] line y+5 
[6913,6915,6917,....,13819.13821,13823] line y 


6912 


[1,3,5,...,6907,6909 > 691 1,] line y+5 
[6910,6908,6906 4,2,0} line y 


4:6 


5496 


[13822,13820,13818,...,8332,8330,8328,] line y+5 
[8329,8331,8333 13819,13821,13823] line y 


8328 


[l,3 a S,...,8323,832S l 8327 > ] line y+5 
[8326,8324,8322,....,4,2,0] line y 


3:7 


4080 


[13822,13820,13818 J ...,9748,9746,9744,] line y+5 
[9745,97447 > 9749,....,13819,13821,13823] line y 


9744 


[1,3,5,...,9739,9741,9743,] line y+5 
9742,9740 > 9738,....,4,2,0] line y 



The data needs to be multiplex onto the data pins, such that Data[0] has {(CO, CI, C2), 
(CO, CI, C2)....} in the above order, and Data[l] has {(C3, C4, C5), (C3, C4, C5)....}.' 



Figure 4 shows the timing of data transfer during normal printing mode. Note SrClk 
has a default state of high. If there are L nozzles per colour, SrClk would have 3L 
pulses (and 3Z+1 rising edges). 
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r #i_TLT 




Data requires a setup and hold about the falling edge of SrClk. SrClk default state is 
high (needs to return to high after the last data of the line). LSyncL rising requires 
setup to the first rising SrClk, and must stay high during the data transfer. 

3.3 Fire Shift Register 

The fire shift register controls the rate of nozzle fire. If the register is full of ' l's then 
the you could print the entire print head in a single FrClk cycle. You do not want to do 
that(4800A)! 

Ideally, a 4 1 ' is shifted in to the fire shift register, in every /1 th position, and a '0' in all 
other position. In this manner, after n cycle of FrClk, the entire print head will be 
printed. 

The fire shift register and select shift registers allow the generation of a hori- 
zontal print line that on close inspection would not have a discontinuity of a "saw 
tooth" pattern, Figure 5 a) & b) but a "sharks tooth" pattern of c). 

FIGURE 5. Print quality 




a) Printing every n th dot with all zero's in the fire select shift register 




b) Printing every 11 th dot with all one's in the fire select shift register 




c) Printing every « th dot with n zero's then n one's in the fire select shift registers 



This is done by firing 2 nozzles in every In group of nozzle at the same time starting 
outer 2 nozzles working towards the centre two (or the starting from the centre, and 
working towards the outer two) at the fire rate controlled by FrClk. 
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To achieve this fire pattern the fire shift register and select shift register need to 
be set up as show in Figure 6. 



FIGURE 6. Fire and Select Shift Register setup for printing 



1 fire shift 

register 



.0000000. 



.00011X1111. . . .1110000000. 



.0001111111 ill select shift rog 



The pattern has shifted a 4 1 ' into the fire shift register every n th positions (where n is 
usually is a minimum of about 100) and n ' 1 's, followed n 'O's in the select shift 
register At a start of a print cycle, these patterns need to be aligned as above, with the 
"1 000..." of a forward half of fire shift register, matching an n grouping of * T or 
•0's in the select shift register. As well, with the "1000..." of a reverse half of the 
fire shift register, matching an n grouping of ' V or '0's in the select shift regis- 
ter. And to continue this print pattern across the butt ends of the chips, the select 
shift register in each should end with a complete block of n 1 1 's (or 'O's). 

FIGURE 7. Fire Pattern across butt end of Print Chips 



.1110000000. . . .0001111111. . . .111 
Left Print Head Fire/Select SR 



3C 



1111111. . . .1110000000. . ..0001111111 
Right Print Head Fire /Select SR 



Since the two chips can be of different lengths, it makes initialisation of these pattern 
difficult. This is solved by building initialisation circuitry into chips. This circuit is 
controlled by to registers, n1en(14) and count(14) and b(1). These registers are 
loaded serially through Data[0], while LSyncL is low, and ReadL is high with FrClk. 



FIGURE 8. Fire Pattern Generation 

3 



FSJNIT 
clocked by FsClk 
agatcdFrClk 




n fire shift register 

clocked by fsclk a gated FrClk 



select shtft register 

clocked by SelClk a gated FrClk 



The scan order from input is b, n[13-0],c[0-13], therefore b is shifted in last. 
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The following table shows the values to programme the'bi-lithic head pairs using a fire 
TABLE 4. Head Combinations Initialisation for /i=100 



Nozzles 


Nozzles 
Lb 


nlen (AAB)~ 

n-1 


count A « 
(L A /2) mod n 
-1 




b B 


rem° 
(L B /2) mod n 


• count B = 
( L A- L B +r<?m ) ra <>d n 
-1 


9744 


4080 


99 


71 


0 


0 


40 


3 


8328 


5496 


99 


63 


0 


0 


48 


79 


6912 


6912 


99 


55 


0 


0 


56 


55 



and once the registers are initialised with LA FrClk cycles (ReadL='0\ LSynd>T). 
rem would be the correct value for count B if chip B was only clocked (FrClk) L B 
times. But this chip will be over clocked L A -L B cycles. The values of b A and b B are 
either the same or inverse of each other. The actually value does not matter. They need 
to be different from each other if the select shift registers would end up with differ- 
ent values at the butt ends. If (L A /2n) is even (and count A is non zero), then the final 
run in 4 A's select shift register will be !b A , If (L A -L B /2) mod n is even (and COUnt B is 
non zero) then the final run in 4 B's select shift register will be !b B . 



FIGURE 9. Determining Select Shift Register value 

Head A 



c 



L A /2 select shift register length 



"hITV count A +1 



Hud B 



ran 



Lr/2 select shift register length 



counte-i-1 
b B 



3,4 Profile Pattern 

A profile pattern is repeated at FrClk rate. It is expected to be a single pulse about lus 
long. But it could be a more complicated series of pulse. The actual pattern depends on 
the ink type. 

The following figure show the external timing to print a line of data. In this example 
the line is printed in 8 cycles of FrClk. 
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FIGURE 10, Timing for printing Signals 



LsyncL 



ReadL 
Data 

SrClk 
FrClk 

Pr 



nJXJl_JTJnj~TJ~TJ~~L 

JMJJLJtj*j~Bjmji_rt 



3.5 Interface Modes 

The print heads a eight different modes controlled by signals ReadL and LSyncL. As 
seen in Figure 9 with both LSyncL and ReadL high, the chip in normal printing mode. 
Some of these mode can operate at the same time, but may interfere with the result of 
the other modes. 



TABLE 5. Print Head Modes 



ReadL 


LSyncL 


Mode 


Internal 
Mapping 


1 


1 


Normal Print Mode 


SrClk=SrClk/3 

frcllc=FrClk 

SelClk=0 

FsClk=FrClk 

Scan=0 

CoreScan=0 


X 


0 


Dot Load Mode 

• Dot latches are open, loaded with Dot shift regis- 
ters, latch once LSyncL returns to 1 (this happens 
regardless of ReadL) 

• Enables Dot Shift register to capture fire result. 




1 


0 


Fire Load Mode 

• DatafOJ will shift through nlen, count and b with 
FrClk 


SrClk»X 

frclk-X 

SelClk=X 

FsClk-FrClk 

Scan=l 

CoreScan^X 
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TABLE 5. Print Head Modes 



ReadL 


LSyncL 


Mode 


Internal 
Mapping . 


0 


1 


Reset Nozzle Test 

• Resets the state of nozzle test circuit 


SrClk=SrClk 

FrClk=FrClk 

SelClk=FrClk 

FsClk-FrClk 

Scan=0 

CoreScan^l 


0 


1 


CMOS testing mode 

• The contents of the dot shift registers are serial 
shifted out on DatafO-I 7 with VrC*11r 


0 


1 


Fire Initialise mode 

• The contents of the fire shift register and select 
shift register is generated with FrClk 


0 


0 


Temperature Output 

• The series of Delta Sigma output are clocked out on 
DatafOJ with FrClk. The sum of these bits represent 
the temperature of the chip. 


SrClk=X 

frclk=0 

SelClk=0 

FsClk=0 

Scan=0 

CoreScan=OC 


0 


0 


Nozzle Test Output 

• The result of a nozzle test is output on Data[l ]. 



3.5.1 Printing 



Figure 10 shows show timing for normal printing. During this action, we drop out of 
Normal Print Mode> to Dot Load Mode between line transfers. For printing to perform 
correctly, no other signal should be stable. 

3.5.2 Initialising for Printing 

To initialise for printing the fire shift registers and select shift registers need to setup 
into a state as shown in Figure 7. To do this the chips are put into Fire Load Mode and 
the values for nlen, count and b are serially shifted from Data[0] clocked by FrClk. 
As the two chip have separate Data line, and common FrClk, this happens at the same 
time. Once this is done, mode is changed to Fire Initialise Mode, and further L A FrClk 
cycles are provided to both chips. During all these operation Pr should be low, to pre- 
vent unintentional firing for nozzles. 
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FIGURE 11. Initialising Print Heads 



LsyncL 
ReadL 

Data A [0] ( b A> lnen[13-0], count[0-13] A ~) - 



Data B [0] ( b B , InenlU-O], connt[0-13J B ) - 
SrClk 



FrClk 



niuir 



WRSBEBBI 



JUUUL 



Pr 



Fire Load Mode 



mi 

+- — 



ML 



L A cycles 



Fire Initialise Mode 



3,5.3 Nozzle Testing 

Nozzle testing is done by firing a single at a time a monitoring the DataflJ pin in the 
Nozzle Test Output mode. 

Each nozzle has a test switch with closes when it nozzle is fired. All 12 switches in a 
nozzle column are connect in parallel to the following circuit. 



FIGURE 12. Nozzle Test Latching Circuit 
, LSyncL&IReadL 




Vdd 



Testout 



_r 



This circuit is initialised when ever LSyncL is high and ReadL is low (Reset Nozzle 
Test mode). This forces all "switch nodes" to low, and the feedback through lower NOR 
gate will latches this value. With LSyncL low and ReadL still low (Nozzle Test Output 
mode) the Testout of the first nozzle column is output on Data [1 J. If any switch is 
closed, the switch node of this column will be pulled up, and will ripple through to the 
output as transition from high to low. 
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FIGURE 13, Nozzle Testing 



LsyncL 

ReadL 
Data[1]" 

SrClk 
FrClk 



mm 



Pr 



V 



JL 



Set up Test 



Reset Nozzle Test Mode 



Nozzle Test Output Set up 
Mode Test 



Nozzle testing requires a setup phase in order to fire only one nozzle. There are many 
ways to achieve this. Simplest might be to load a single colour with 101010 through the 
even nozzles, and 010101... for the odd nozzles (0's for all other colours), and set up a 
fire pattern with n = L A /2. With this fire pattern only one nozzle will fire in each Pr 
pulse. After firing in Nozzle Test Output mode, a single FrClk will advance to next 
nozzle, then Reset and Test After L A /2 cycles of this testing, a single SrClk will 
advance the dot shift registers to setup the untested nozzles of this colour, and another 
L A /2 cycles of FrClk, Reset and Test will finished testing this colour. Then repeat test 
procedure for other colours. 

3.5.4 Temperature Output 

This mode is not well defined yet. In this mode, DatafOJ will output a series of ones 
and zeros clocked by FrClk. After a (currently unknown) number of FrClk cycles the 
sum of this series will represent the temperature of the chip. Clocking frequency in this 
mode it expected to be in the range 10kHz • 1MHz. 
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FIGURE 14. Temperature Reading 

LsyncL | 

ReadL | 

Data[0]— ( | | | 

SrClk * 
FrClk | [_| |_| 1 P 1 
Pr 



1 I I 



The Frequency of FrClk and the number of cycles need to be programmable. Since this 
mode cycles FrClk, the result of fire shift register and select shift register would be 
changed, but in this mode FrClk is disabled to these circuit. So printing can resume 
without reinitialising. 



3.5.5 CMOS Testing 



CMOS testing is a mode meant for chip testing with before MEMS as added to the 
chip. This mode allows the dot shift register to be shifted out on the Data fO- J J pins. 
Much like the nozzle test mode, the nozzles are fired while LSyncL is low, but during 
the firing SrClk will be cycle, and the dot shift register will load the signal that 
would fire the nozzle. Once capture, the result can be shifted out. 

FIGURE 15. CMOS Testing 
LsyncL - ~" 



ReadL 

Data[| 

SrClkl 
FrClk| 

Pr 



Set up Test 



R 



Dot Load Mode 



CMOS Test Output Mode 



The Dot Load Mode above violates normal printing procedure by firing the nozzles 
(Pr) and modify the dot shift register (SrClk). 
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4.0 Reticle Layout 

To make long chips we need to stitch the CMOS (and MEMS) together by overlapping 
the reticle stepping field. The reticle will contain two areas: 

FIGURE 16. Reticle Layout 



20 mm max. 




3 mm 



The top edge of Area 2, pad end contains the pads that stitch on bottom edge of Area 7, 
CORE. Area 1 contains the core array of nozzle logic. The top edge of Area 1 will stitch 
to the bottom edge of itself. Finally the bottom edge of Area 2, butt end will stitch to 
the top edge of Area L The butt end to iised to complete a feedback wiring and seal 
the chip. 

The above region will then be exposed across a wafer bottom to top. Area 2, Area J, 
Area 1...., Area 2. Only the pad end of Area 2 needs to fit on the wafer. The final expo- 
sure fo Area 2 only requires the butt end on the wafer. 
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FIGURE 17. Stepper Pattern on Wafer 




4.1 TSMC U-Frame requirements. 

TSMC will be building us frames 1 0 mm x 0.23 mm which will be placed either side of 
both Area 1 and Area 2. 

TSMC requires 6 mm area for blading between the two exposure area. This translates 
to 3 mm on the reticle, as some recticles are 2x size, while most are 5x, the worst case 
must be used. 
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1 Introduction 



1.1 Document History 





BI1H129 






1.6 


29 November. 2002 


Simon Waimstey 


Updated ChipA to be ChipR to match proto- 
cols document, got rid of 68k reference now 
that we are using LEON. 


1.5 


26 November. 2002 


Simon Waimstey 


Added description of storing more than a sin* 
gle SoPECJd key m a PRINTER. QA (in sec- 
tion 3.5.3 and related). This reduces the cost 
of a multi-SoPEC system with no loss of secu- 
rity. 

Also added text to describe that batch keys 
can be different for each SoPEC tf the indirect 
upgrade key protocol is used. 


1.4 


9 September, 2002 


Simon Waimstey 


Added section in requirements detailing types 
of attacks we care about and don't care about. 


1.3 


30 August, 2002 


Simon Watmsley 


Changed ComCo_OEM_xxxx variables Into 
simply xxxx variables, since that is more 
generic. Added text regarding ink refill. Added 
extra software authentication stage to prevent 
ComCos from fiddling with SoPEC software. 


1.2 


29 August, 2002 


Simon Walmsley 


Added section on how the PRINTER.QA chip 
gets programmed with the SoPECJdJtey. 


1.1 


28 August, 2002 


Simon Walmsley 


Updated to have Ink and operating parameters 
be authenticated via symmetric key based sig- 
natures based on a unique SoPEC Jd. 


1.0 


27 August, 2002 


Simon Walmsley 


Updated after review. 


0.2 draft 


26 August, 2002 


Simon Walmsley 


Changed public-key and private key refer- 
ences to asymmetric & symmetric respec- 
tively, so private can now sub-refer to the 
private key of the asymmetric pair, or the sin- 
gle private symmetric key. Changed OEM Jd 
into ComCo_OEM_license^fd to more accu- 
rately reflect the scope of the id. 


0.1 draft 


26 August. 2002 


Simon Walmsley 


Initial issue. 



1.2 References 

[1] Silicon & Software Systems, 4-4-9-4 SoPEC Hardware Design. 

[2] Silverbrook Research, 4-2-1-1 Print Engine Controller Hardware Design. 

[3] Silverbrook Research, 4-3-1-2 QA Chip Technical Reference. 

[4] Silverbrook Research, 4-3- J -8 QA Chip Programmer Requirements. 

[5] Silverbrook Research, 4-3-1-26 Authentication Protocols. 

1.3 Scope 

This document describes the basic security requirements of programs running on the 
SoPEC ASIC [1]. It then describes an implementation solution to the security require- 
ments. 
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The described solution impacts the design of the SoPEC ASIC as well as implying key 
management issues. The solution includes references to the QA Chip ASIC [3] and associ- 
ated authentication protocols [5]. 

It is possible that some of the requirements and defined solution will be applicable to sysr 
terns built with the PEC ASIC [2], although such systems are beyond the scope of this 
document. 
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1.4 Readership 

This document is written for software engineers and system architects that are working 
with SoPEC, as well as PCB designers that are responsible for SoPEC-based Print 
Engines. A similar audience working on PEC and PEC-based Print Engines may also find 
document useful. 

This document is also intended to be read by those responsible for key management and 
associated database designers with regards to guiding requirements. 

This document is confidential to Silverbrook Research Pry, Ltd. and its distribution out- 
side this organisation must be covered by a non-disclosure agreement (NDA). 

1.5 QA Chip Terminology 

The Authentication Protocols document [5] refers to QA Chips by their function in partic- 
ular protocols: 

• For authenticated reads, ChipR is the QA Chip being read from, and ChipT is the QA 
Chip that identifies whether the data read from ChipR can be trusted 

• For replacement of keys, ChipP is the QA Chip being programmed with the new key, 
and ChipF is the factory QA Chip that generates the message to program the new key. 

• For upgrades of data in memory vectors, ChipU is the QA Chip being upgraded, and 
ChipS is the QA Chip that signs the upgrade value. 

Any given physical QA Chip will contain functionality that allows it to operate as an 
entity in some number of these protocols. 

Therefore, wherever the terms ChipR, ChipT, ChipP, ChipF, ChipU and ChipS are used in 
this document, they are referring to logical entities involved in an authentication protocol 
as defined in [5]. 

Physical QA Chips are referred to by their location. For example, each ink cartridge may 
contain a QA Chip referred to as an INK_QA, with all INK_QA chips being on the same 
physical bus. In the same way, the QA Chip inside the printer is referred to as 
PRINTER_QA, and will be on a separate bus to the INK_QA chips. 
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2 Requirements 



2.1 



Security 



The basic functional security requirements are: 

• Silverbrook code and OEM program code co-existing safely 

• Silverbrook operating parameters authentication 

• OEM operating parameters authentication 

• Ink usage authentication 

Each of these is outlined in subsequent sections. 
The authentication requirements imply that: 

• OEMs and end-users must not be able to replace or tamper with Silverbrook program 
code or data 

• OEMs and end-users must not be able to call unauthorized functions within Silver- 
brook code 

• End-users must not be able to replace or tamper with OEM program code or data 

• End-users must not be able to call unauthorized functions within OEM program code 

• OEMs must be able to test products at their highest upgradable status, yet not be able 
to ship them outside the terms of their license 

• OEMs and end-users must not be able to directly access the print engine pipeline 
(PEP) hardware, the LSS Master (for QA Chip access) or any other peripheral block 
with the exception of operating system permitted GPIO pins and timers. 



2.1.1 Silverbrook code and OEM program code co-existing safely 



SoPEC includes a CPU that must run both Silverbrook program code and OEM program 
code. The execution model envisaged for SoPEC is one where Silverbrook program code 
forms an operating system (O/S), providing services such as controlling the print engine 
pipeline, interfaces to communications channels etc. The OEM program code must run in 
a form of user mode, protected from harming the Silverbrook program code. The OEM 
program code is permitted to obtain services by calling functions in the O/S, and the O/S 
may also call OEM code at specific times. For example, the OEM program code may 
request that the O/S call an OEM interrupt service routine when a particular GPIO pin is 
activated. 

A basic requirement then, for SoPEC, is a form of protection management, whereby Sil- 
verbrook and OEM program code can co-exist without the OEM program code damaging 
operations or services provided by the Silverbrook O/S. Since services rely on SoPEC 
peripherals (such as SCB, LSS Master, Timers etc) access to these peripherals should also 
be restricted to Silverbrook program code only. 



A particular OEM will be licensed to run a Print Engine with a particular set of operating 
parameters (such as print speed or quality). The OEM and/or end-user can upgrade the 
operating license for a fee and thereby obtain an upgraded set of operating parameters. 

Neither the OEM nor end-user should be able to upgrade the operating parameters without 
paying the appropriate fee to upgrade the license. Similarly, neither the OEM nor end-user 



2.1.2 



Silverbrook operating parameters authentication 
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should be able to bypass the authentication mechanism via any program code on SoPEC. 
This implies that OEMs and end-users must not be able to tamper with or replace Silver- 
brook program code or data, nor be able to call unauthorized functions within Silverbrook 
program code. 

However, the OEM must be capable of assembly-line testing the Print Engine at the 
upgraded status before selling the Print Engine to the end-user. 

2.1.3 OEM operating parameters authentication 

The OEM may provide operating parameters to the end-user independent of the Silver- 
brook operating parameters. For example, the OEM may want to sell a franking machine 1 . 

The end-user should not be able to upgrade the operating parameters without paying the 
appropriate fee to the OEM. Similarly, the end-user should not be able to bypass the 
authentication mechanism via any program code on SoPEC. This implies that end-users 
must not be able to tamper with or replace OEM program code or data, as well as not be 
able to tamper with the PEP blocks or service-related peripherals. 

2.1.4 Ink usage authentication 

Each OEM sells printers and ink to end-users according to a business model. For example, 
OEMl may provide ink at $A for a $B printer, while OEM 2 may sell the same featured 
printer at a higher price $A+$X, and provide the ink at a cheaper price $B-$Y. OEMi has 
a business model that relies on the fact that end-users of OEM] printers can only use 
OEM! ink, and likewise OEM 2 has a business model that relies on the fact that end-users 
of OEM 2 printers can only use OEM 2 ink. 

It is in the interest of both OEMj and OEM 2 that end-users cannot subvert the authentica- 
tion mechanism for ink. Otherwise the business models are compromised. 

It is also in the interests of the Memjet Group that OEM, and OEM 2 cannot subvert the 
authentication mechanism for ink, since the Memjet Group provides OEMs with printers 
under a license. agreement that the OEM will purchase ink from a designated ink supplier. 

2.2 Acceptable Compromises 

Since there is no protection physically built into the Memjet printheads, it is theoretically 
possible for someone (with enough time, money and incentive) to remove the printheads 
from the print engine, build their own SoPEC ASIC equivalent, write their own program 
code etc. It is impossible to guard against such an attack. 

We are really only concerned with commercial attacks, where there is a total compromise 
of printer operating parameter authentication and ink usage authentication. An example of 
such an attack is where the Silverbrook printing O/S is replaced by one that can be down- 
loaded from the internet, and this clone O/S allows usage of the print engine outside the 
license agreement. Whether the clone O/S is developed by a hacker or by a TOgue OEM is 
not important - it matters that any user can trivially upgrade the printer outside the terms 
of the license agreement. 



I . a franking machine prints stamps 
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If an end user takes the time and energy to hack the print engine and thereby succeeds in 
upgrading the single print engine only, yet not be able to use the same keys etc on another 
print engine, that is an acceptable security compromise. However it doesn't mean we have 
to make it totally simple or cheap for the end-user to accomplish this. 

Software-only attacks are the most dangerous, since they can be transmitted via the inter- 
net and have no perceived cost Physical modification attacks are far less problematic, 
since most printer users are not likely to want their print engine to be physically modified. 
This is even more true if the cost of the physical modification is likely to exceed the price 
of a legitemate upgrade. 

Finally, it should be noted that all OEMs are bound by license agreements that specify 
penalties if they attempt to reverse engineer or bypass the print engines. In countries 
where these agreements are enforceable by law, this at least provides a modicum of secu- 
rity. 

2.3 IMPLEMENTATION CONSTRAINTS 

Any solution to the requirements detailed in Section 2.1 must also meet certain implemen- 
tation constraints. These are: 

• No flash memory inside SoPEC 

• SoPEC must be simple to verify 

• Silverbrook program code must be updateable 

• OEM program code must be updateable 

• Must be bootable from activity on USB or ISI 

• No extra pins for assigning IDs to slave SoPECs 

• Cannot trust the comms channel to the QA Chip in the printer (PRINTER_QA) 
■ Cannot trust the comms channel to the QA Chip in the ink cartridges (INK^QA) 

• Cannot trust the ISI comms channel 
These constraints are detailed below. 

2.3.1 No flash memory inside SoPEC 

SoPEC is intended to be implemented in 0. 1 3 micron or smaller. Flash memory will not be 
available in any of the target processes being considered. Although Virage have a process 
independent flash cell, it is very large and effectively impractical for anything more than a 
few bits. 

2.3.2 SoPEC must be simple to verify 

All combinatorial logic and embedded program code within SoPEC must be verified 
before manufacture. Every increase in complexity in either of these increases verification 
effort and increases risk. 

2.3.3 Silverbrook program code must be updateable 

It is not possible nor even desirable to write a single complete operating system that is: 

• verified completely (see Section 2.3.1) 

• correct for all possible future uses of SoPEC systems 

• finished in time for SoPEC manufacture 
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Therefore the complete Silverbrook program code must not permanently reside on 
SoPEC. It must be possible to update the Silverbrook program code as enhancements to 
functionality are made and bug fixes are applied. 

In the worst case, only new printers would receive the new functionality or bug fixes. In 
the best case, existing SoPEC users can download new embedded code to enable function- 
ality or bug fixes. Ideally, these same users would be obtaining these updates from the 
OEM website or equivalent, and not require any interaction with Silverbrook. 

2.3.4 OEM program code must be updateable 

Given that each OEM will be writing specific program code for printers that have not yet 
been conceived, it is impossible for all OEM program code to be embedded in SoPEC at 
the ASIC manufacture stage. 

Since flash memory is not available (see Section 2.3.1), OEMs cannot store their program 
code in on-chip flash. While it is theoretically possible to store OEM program code in 
ROM on SoPEC, this would entail OEM-specific ASICs which would be prohibitively 
expensive. Therefore OEM program code cannot permanently reside on SoPEC. 

Since OEM program code must be downloadable for SoPEC to execute, it should there- 
fore be possible to update the OEM program code as enhancements to functionality are 
made and bug fixes are applied. 

In the worst case, only new printers would receive the new functionality or bug fixes. In 
the best case, existing SoPEC users can download new embedded code to enable function- 
ality or bug fixes. Ideally, these same users would be obtaining these updates from the 
OEM website or equivalent, and not require any interaction with Silverbrook. 

2.3.5 Must be bootable from activity on USB or IS I 

SoPEC can be placed in sleep mode to save power when printing is not required. RAM is 
not preserved in sleep mode. Therefore any program- code and data in RAM will be lost. 
However, SoPEC must be capable of being woken up from the host when it is time to print 
again. 

In the case of a single SoPEC system, the host communicates with SoPEC via USB. 

In the case of a multi-SoPEC system, the host typically communicates with the ISI Master 
chip (e.g. the ISI Master could be SoPEC, and the comms is USB), and can send messages 
to other slave SoPECs via the ISI master. The ISI master SoPEC relays these messages to 
the slaves via the ISI. 

Therefore SoPEC must be capable of being woken up by activity on either the USB or on 
the ISI. 

2.3.6 No extra pins to assign IDs to slave SoPECs 

In a single SoPEC system the host only sends data to the single SoPEC. However in a 
multi-SoPEC system, each of the slaves needs to be uniquely identifiable in order to be 
able for the host to send data to the correct slave. 

Since there is no flash on board SoPEC (Section 2.3.1) we are unable to store a slave ID 
(eg 4 bits) in each SoPEC. Moreover, any ROM in each SoPEC will be identical. 
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It is possible to assign n pins to allow 2 n combinations of IDs for slave SoPECs. However 
a design goal of SoPEC is to minimize pins for cost reasons, and this is particularly true of 
features only used in multi-SoPEC systems. We have 2 pins for inter-SoPEC communica- 
tions) and further pins would add to the cost. 

The design constraint requirement is therefore to allow slaves to be IDed via a method that 
does not require any extra pins. This implies that whatever boot mechanism that satisfies 
the security requirements of Section 2.1 must also be able to assign IDs to slave SoPECs. 

2.3.7 Cannot trust the comms channel to the OA Chip in the printer (PRINTER_QA) 

If the printer operating parameters are stored in the non-volatile memory of the Print 
Engine's on-board PRINTER_QA chip, both Silverbrook and OEM program code cannot 
rely on the communication channel being secure. It is possible for an end-user to replace 
the PRINTEF^_QA chip or subvert the communications channel. 

2.3.8 Cannot trust the comms channel to the QA Chip in the ink cartridges (INK_QA) 

The amount of ink remaining for a given ink cartridge is stored in the non- volatile mem- 
ory of that ink cartridge's INK_QA chip. Both Silverbrook and OEM program code can- 
not rely on the communication channel to the INK_QA being secure. It is possible for an 
end-user to replace the INK_QA chip or subvert the communications channel. 



2.3.9 Cannot trust the ISI comms channel 

In a multi-SoPEC system, or in a single-SoPEC system that has a non-USB connection to 
the host, a given SoPEC will receive its data over the ISI. It is quite possible for an 
end-user to insert a chip that subverts the communications channel (for example performs 
man-in-the-middle attacks). 
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3 Proposed Solution 



A proposed solution to the requirements of Section 2, can be summarised as: 

• Each SoPEC has a unique id 

• CPU with user/supervisor mode 

• Memory Management Unit 

• Specific entry points in O/S 

• Boot procedure, including authentication of program code and operating parameters 

• SoPEC ISI identification 



3.1 Each SoPEC has a unique id 



Each SoPEC needs to contains a unique SoPECJd of minimum size 64-bits 1 . This 
SoPECJd is used to form a symmetric key unique to each SoPEC: SoPECjdJcey. 

The verification of operating parameters and ink usage depends on SoPECJd being diffi- 
cult to determine. Difficult to determine means that someone should not be able to deter- 
mine the id via software, or by viewing the communications between chips on the board. 
If the SoPECJd is available through running a test procedure on specific test pins on the 
chip, then depending on the ease by which this can be done, it is likely to be acceptable. 

It is important to note that in the proposed solution, compromise of the SoPEC_id leads 
only to compromise of the operating parameters and ink usage on this particular SoPEC. It 
does not compromise any other SoPEC or all inks or operating parameters in general. 

It is ideal that the SoPECJd be random, although this is unlikely to occur on standard 
manufacture processes for ASICs. If the id is within a small range however, it will be able 
to be broken by brute force. This is why 32-bits is not sufficient protection. 



3.2 CPU WITH USER/SUPERVISOR MODE 

SoPEC contains a CPU with direct hardware support for user and supervisor modes. At 
present, the intended CPU is the LEON (a 32-bit processor with an instruction set accord- 
ing to the IEEE-1754 standard. The EEEE1754 standard is compatible with the SPARC 
V8 instruction set). 

Silverbrook (operating system) program code will run in supervisor mode, and all OEM 
program code will run in user mode. 



3.3 Memory Management Unit 

SoPEC contains a Memory Management Unit (MMU) that limits access to regions of 
DRAM by defining read, write and execute access permissions for supervisor and user 
mode. Program code running in user mode is subject to user mode permission settings, 
and program code running in supervisor mode is subject to supervisor mode settings. 



1 . On IBM's CU1 1 process this chipld is 80 bits. 
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A setting of 1 for a permission bit means that type of access (e.g. read, write, execute) is 
permitted. A setting of 0 for a read permission bit means that that type of access is not per- 
mitted. 

At reset and whenever SoPEC wakes up, the settings for all the permission bits are 1 for 
all supervisor mode accesses, and 0 for all user mode accesses. This means that supervisor 
mode program code must explicitly set user mode access to be permitted on a section of 
DRAM 

Access permission to all the non-valid address space should be trapped, regardless of user 
or supervisor mode, and regardless of the access being read, execute, or write. 

Access permission to all of the valid non-DRAM address space (for example the PEP 
blocks) is supervisor read / write access only (no supervisor execute access, and user mode 
has no acccess at all) with the exception that certain GPIO and Timer registers can also be 
accessed by user code. These registers will require bitwise access permissions. Each 
peripheral block will determine how the access is restricted. 

The embedded DRAM should start at 0xOO00J)00O to support programmable exception 
vectors. The reset exception vector (and possibly some others) is translated in the MMU to 
point to the appropriate location in ROM, ideally in a manner that still allows null pointer 
dereferencing to be trapped. 

With respect to the DRAM and PEP subsystems of SoPEC, typically we would set user 
read/write/execute mode permissions to be 1/1/0 only in the region of memory that is used 
for OEM program data, 1/0/1 for regions of OEM program code, and 0/0/0 elsewhere. By 
contrast we would typically set supervisor mode read/write/execute permissions for this 
memory to be 1/1/0 (to avoid accidentally executing user code in supervisor mode). 

The SoPEC 'Jid parameter (see Section 3.1) should only be accessible in supervisor mode, 
and should only be stored and manipulated in a region of memory that has no user mode 
access. 

3.4 Specific entry points in O/S 

Given that user mode program code cannot even call functions in supervisor code space, 
the question arises as how OEM programs can access functions, or request services. The 
implementation for this depends on the CPU. 

On the LEON processor, the TRAP instruction allows programs to switch between user 
and supervisor mode in a controlled way. The TRAP switches between user and supervi- 
sor register sets, and calls a specific entry point in the supervisor code space in supervisor 
mode. The TRAP handler dispatches the service request, and then returns to the caller in 
user mode. 

Use of a command dispatcher allows the O/S to provide services that filter access - e.g. a 
generalised print function will set PEP registers appropriately and ensure QA Chip ink 
updates occur. 

The LEON also allows supervisor mode code to call user mode code. There are a number 
of ways that this functionality can be implemented. 
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3.5 



Boot Procedure 



3.5.1 



Basic premise 



The intention is to load the Silverbrook and OEM program code down into SoPEC's 
RAM, where it can be subsequently executed. The basic SoPEC therefore, must be capa- 
ble of downloading program code. However SoPEC must be able to guarantee that only 
authorized Silverbrook boot programs can be downloaded, otherwise anyone could mod- 
ify the O/S to do anything, and then download that - thereby bypassing the licensed oper- 
ating parameters. 

We perform authentication of program code and data using asymmetric cryptography and 
without using a QA Chip. 

Assuming we have already downloaded some data and a 160-bit signature into eDRAM, 
the boot loader needs to perform the following tasks: 

• perform SHA-1 on the downloaded data to calculate a digest localDigest 

• perform asymmetric decryption on the downloaded signature (160-bits) using an 
asymmetric public key to obtain authorizedDigest 

• If localDigest = authorizedDigest, then the downloaded data is authorized (the signa- 
ture must have been signed with the asymmetric private key) and control can then be 
passed to the downloaded data 

Asymmetric decryption is used instead of symmetric decryption because the decrypting 
key must be held in SoPEC *s ROM. If symmetric private keys are used, the ROM can be 
probed and the security is compromised. 

The procedure requires the following data item: 

• bootOkey = an n-bit asymmetric public key 

The procedure also requires the following two functions: 

• SHA-1 ~ a function that performs SHA-1 on a range of memory and returns a 160-bit 
digest 

• decrypt - a function that performs asymmetric decryption of a message using the 
passed-in key 

Assuming that all of these are available (e.g. in the boot ROM), boot loader 0 can be 
defined as in the following pseudocode: 



boot loader O (data, *ig> 

localDigest «- SHA-1 (data) 
authorizedDigest <- decrypt (sig, bootOkey) 
if (localDigest = authorizedDigest) 

jump to program code at dato-start address// will never to return 
Else 

// program code is unauthorized 
Endlf 



The length of the key will depend on the asymmetric algorithm chosen. The key must pro- 
vide the equivalent protection of the entire QA Chip system - if the Silverbrook O/S pro- 
gram code can be bypassed, then it is equivalent to the Q A Chip keys being compromised. 
In fact it is worse because it would compromise Silverbrook operating parameters, OEM 
operating parameters, and ink authentication by software downloaded off the net (e.g. 
from some hacker in Norway). 
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In the case of RSA, a 2048-bit key is required to match the 160-bit symmetric-key security 
of the QA Chip. In the case of ECDSA, a key length of 132 bits is likely to suffice. 

There is also no advantage to storing multiple keys in SoPEC and having the external 
message choose which key to validate against, because a compromise of any key allows 
the external user to always select that key. Even if there were 2 keys, one for USB-based 
booting and one for ISI-based booting, a compromise of the USB-based booting key is 
enough to compromise all the single SoPEC systems (99% of SoPEC systems). 

Therefore the entire security of SoPEC is based on keeping the asymmetric private key 
paired to bootOkey secure. The entire security of SoPEC is also based on keeping the pro- 
\ gram that signs (Le. authorizes) datasets using the asymmetric private key paired to 
bootOkey secure. 

If a compromise is discovered, it may be economically feasible to change the bootOkey 
value in SoPEC's ROM, since this is only a single mask change, and would be easy to ver- 
ify and characterize. 

3.5.2 Hierarchies of authentication 

Given that test programs, evaluation programs, and Silverbrook O/S code needs to be 
written and tested, and OEM program code etc. also needs to be tested, it is not secure to 
have a single authentication of a monolithic dataset combining Silverbrook 0/S» non-O/S, 
and OEM program code - we certainly don't want OEM's signing Silverbrook program 
code, and Silverbrook shouldn't have to be involved with the signing of OEM program 
code. 

Therefore we require differing levels of authentication and therefore a number of keys, 
although the procedure for authentication is identical to the first - a section of program 
code contains the key for authenticating the next. 

This method allows for any hierarchy of authentication, based on a root key of bootOkey. 
For example, assume that we have the following entities: 

• SoPECCo, Silverbrook's SoPEC hardware / software company. Supplies SoPEC 
ASICs and SoPEC O/S printing software to a ComCo. 

• ComCo, a company that assembles Print Engines from SoPECs, Memjet printheads 
etc, customizing the Print Engine for a given OEM according to a license 

• OEM, a company that uses a Print Engine to create a printer product to sell to the 
end-users. The OEM would supply the motor control logic, user interface, and casing. 

The levels of authentication hierarchy are as follows: 

• SoPECCo generates dataset J, consisting of the print engine O/S (which incorporates 
the print engine functionality) and the ComCo's asymmetric public key. SoPECCo 
signs datasetO with SoPECCo's asymmetric private bootOkey key. The print engine 
program code expects to see an operating parameter block signed by the ComCo's 
asymmetric private key. 

• The ComCo generates dataSet3 t consisting of dataset J plus dataset2 t wheTe dataset2 
is an operating parameter block for a given OEM's print engine licence (according to 
the print engine license arrangement) signed with the ComCo's asymmetric private 
key. The operating parameter block (dataset!) would contain valid print speed ranges, 
a PrintEngineLicenseld, and the OEM's asymmetric public key. The ComCo can gen- 
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erate as many of these operating parameter blocks for any number of Print Engine 
Licenses, but cannot write or sign any supervisor O/S program code. 
• The OEM would generate dgtasetS, consisting of datasetS plus dataset4 9 where 
dataset4 is the OEM program code signed with the OEM's asymmetric private key. 
The OEM can produce as many versions of datasetS as it likes (e.g. for testing pur- 
poses or for updates to drivers etc) 

The relationship is shown below in Figure I. 




to 



Figure 1. Relationship between the data sets 

When the end-user uses datasetS, SoPEC itself validates datasetl via the bootOkey mech- 
anism described in Section 3.5.1. Once datasetl is executing, it validates datasetl, and 
uses dataset2 data to validate datasetl The validation hierarchy is shown in Figure 2. 

f SoPEC boot rom \ 

1 (includes bootOkey public key) J 



validation via bootOkey 



datasetl: operating system 

(includes ComCo public key) 



validation via Com Co key 



datasel2: operating parms 

(includes OEM public key) 



^da 



validation via OEM key 



datassM: OEM program code 



Figure 2. Validation hierarchy 
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If a key is compromised, it compromises all subsequent authorizations down the hierarchy. 
In the example from above (and as illustrated in Figure 2) if the OEM's asymmetric pri- 
vate key is compromised, then O/S program code is not compromised since it is above 
OEM program code in the authentication hierarchy. However if the ComCo's asymmetric 
private key is compromised, then the OEM program code is also compromised. A com- 
promise of bootOkey compromises everything up to SoPEC itself, and would require a 
mask ROM change in SoPEC to fix. 

// is worthwhile repeating that in any hierarchy the security of the entire hierarchy is 
based on keeping the asymmetric private key paired to bootOkey secure, it is also a 
requirement that the program that signs (i.e. authorizes) datasets using the asymmetric 
private key paired to bootOkey secure. 



Operating parameters need to be considered in terms of Silverbrook operating parameters 
and OEM operating parameters. Both sets of operating parameters are stored on the 
PRINTER_QA chip (physically located inside the printer). This allows the printer to 
maintain parameters regardless of being moved to different computers, or a loss/replace- 
ment of host O/S drivers etc. 

On PRINTER^QA, memory vector M 0 contains the upgradable operating parameters, and 
memory vectors M i+ contains any constant (non-upgradable) operating parameters. 

Considering only Silverbrook operating parameters for the moment, there are actually two 
problems: 

a. setting and storing the Silverbrook operating parameters, which should be 
authorized only by Silverbrook 

b. reading the parameters into SoPEC, which is an issue of SoPEC authenticating 
the data on the PRINTER^QA chip since we don't trust PRINTER^QA. 

The PRJNTER^QA chip therefore contains the following symmetric keys: 

* K<) - PrintEngineLicense_key. This key is constant for all SoPECs supplied for a given 
print engine license agreement between an OEM and a Silverbrook ComCo. K$ has 
write permissions to the Silverbrook upgradeable region of Mq on PRINTER_QA. 

• Kj * SoPECjdJcey. This key is unique for each SoPEC (see Section 3.1), and is 
known only to the SoPEC and PRINTER_QA. Kj does not have write permissions for 
anything. 

Ko is used to solve problem (a). It is only used to authenticate the actual upgrades of the 
operating parameters. Upgrades are performed using the standard upgrade protocol 
described in [5], with PRINTER_QA acting as the ChipU, and the external up grader act- 
ing as the ChipS. 

K t is used by SoPEC to solve problem (b). It is used to authenticate reads of data (i.e. the 
operating parameters) from PRJNTER^QA. The procedure follows the standard authenti- 
cated read protocol described in [5], with PRINTER_QA acting as ChipR, and the embed- 
ded supervisor software on SoPEC acting as ChipT. The authenticated read protocol [5] 
requires the use of a 160-bit nonce, which is a pseudo-random number. This creates the 
problem of introducing pseudo-randomness into SoPEC that is not readily determinable 
by OEM programs, especially given that SoPEC boots into a known state. One possibility 
is to use the same random number generator as in the QA Chip (a 160-bit maxi- 
mal -lengthed linear feedback shift register) with the seed taken from the value in the 
WatchDogJlmer register in SoPEC's timer unit when the first page arrives. 



3.5.3 



Authenticating operating parameters 
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Note that the procedure for verifying reads of data from PRINTER_QA does not rely on 
Silverbrook's key Kg. This means that precisely the same mechanism can be used to read 
and authenticate the OEM data also stored in PRINTER_QA. Of course this must be done 
by Silverbrook supervisor code so that SoPECJdJcey is not revealed 

If the OEM also requires upgradable parameters, we can add an extra key to 
PRINTER^QA, where that key is an OEMJcey and has write permissions to the OEM 
part of Mq. 

In this way, K, never needs to be known by anyone except the SoPEC and PRINTERJJA. 

Each printing SoPEC in a multi-SoPEC system need access to a PRINTER_QA chip that 
contains the appropriate SoPECjidJcey to validate ink useage and operating parameters. 
This can be accomplished by a separate PRINTER_QA for each SoPEC, or by adding 
extra keys (multiple SoPECJdJcey^) to a single PRINTER_QA. 

However, if ink usage is not being validated (e.g. if print speed were the only Silverbrook 
upgradable parameter) then not all SoPECs require access to a PRINTERLQA chip that 
contains the appropriate SoPECJdJcey. Assuming that OEM program code controls the 
physical motor speed (different motors per OEM), then the PHI within the first (or only) 
front-page SoPEC can be programmed to accept (or generate) line sync pulses at a partic- 
ular rate. If line syncs arrived faster than the particular rate, the PHI would generate a 
buffer underrun. This would mean that even if the motor speed was hacked to be fast, the 
print will terminate. 

3. 5. 3. 1 OEM assembly-tine test 

As described in Section 2.1.2, Silverbrook operating parameters include such items as 
print speed, print quality etc. and are tied to a license provided to an OEM. These parame- 
ters are under Silverbrook control. The licensed Silverbrook operating parameters are 
stored in the PRINTER_QA as described in Section 3.5.3. 

However, although an OEM should only be able sell the licensed operating parameters for 
a given Print Engine, they must be able to assembly-line test 1 the Print Engine with a.dif- 
ferent set of operating parameters i.e. a maximally upgraded Print Engine. 

Several different mechanisms can be employed to allow OEMs to test the upgraded capa- 
bilities of the Print Engine. At present it is unclear exactly what kind of assembly-line tests 
would be performed. 

At first thought, it might be considered that a dongle-style approach using a special master 
PRINTERLQA containing upgraded parameters might be a solution. However, for the 
SoPEC to accept the parameters as true, the special master PRINTERLQA must contain 
the appropriate SoPECJdJcey (tied to the specific SoPEC Jd of the SoPEC system under 
test). Since the OEM can't perform the key upgrade, they must make use of a Silverbrook 
upgrade mechanism, which implies either a Silverbrook box, or a connection to a Silver- 
brook machine (e.g. over a net). Neither approaches are good 



1 . This section is referring to assembly-line testing rather than development testing. An OEM can maximally upgrade a 
given Print Engine to allow developmental testing of their own OEM program code & mechanics. 
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If there is no special master PRINTER_QA for testing, then we must make use of special 
test programs, or storage on the PRINTER_QA, or both. The solution wall depend on the 
test requirements of the OEM. 

A simple test program that allows any pages to be printed at full upgrade capability is def- 
initely not secure. If it gets out to the public, it is effectively a free upgrade. Silverbrook 
would not want the OEM to have such a program. 

Likewise, if a test program only printed pages that had been signed with some key, then 
not only does this change the timing of real pages (since the signature must be verified 
before printing) but a service must be made available to sign special test images. This may 
be possible, but it means that Silverbrook must be involved for every time a test image is 
designed. If Silverbrook gives the OEM a program that generates signatures to avoid this 
annoyance, then it is the same as giving away the ability to print at full capability. 

If the OEM requires tests that are not actually printing dots, then a test harness software 
loader that looks and behaves like a real Print Engine (including all output signals etc.) at 
full upgrade capability, except that it does not produce physical dots (i.e. at the very end of 
the pipeline, the data is masked before being sent out to the printhead). This will produce a 
timing accurate result, and is the simplest, most effective solutioa If the special driver 
gets out into the public, the user can only print blank pages. 

If the OEM requires tests that actually prints dots, there are several possibilities: 

a. A version of the O/S (signed for the OEM) that will only print special Silver- 
brook test patterns. This may be quite adequate, but it has the disadvantage that 
OEM test patterns cannot be printed. 

b. A version of the O/S that prints garbage in special places over the test image. 
Again the has the disadvantage that special OEM test patterns cannot be 



c. A version of the O/S that reads and decrements a DecrementOnly value in 
PRINTER^QA. If the value before successful decrementing is non-zero, then 
the O/S will run at full upgrade capability until either a power-loss or a 
pre-deterrnined number of pages (e.g. agreed to by the OEM and Silverbrook) 
have been printed. The number to be stored in the PRINTER^QA at initial 
PRINTER_QA customization may only need to be 1 or 2. 

Of these solutions, option (c) is probably the least restrictive to the OEM while still being 
useful. If the test program gets out, then if the value in PRINTER^QA is 0 after testing, 
then there is no impact, and if the value is small, then only a small number of pages can be 
printed at full upgrade capability, and power must stay on while doing so. 



Silverbrook O/S program code contains the OEM's asymmetric public key to ensure that 
the subsequent OEM program code is authentic - i.e. from the OEM. However given that 
SoPEC only contains a single root key, it is theoretically possible for different OEM's 
applications to be run identically physical Print Engines i.e. printer driver for OEM! run 
on an identically physical Print Engine from OEM 2 . 

To guard against this, the Silverbrook O/S program code contains a 
PrintEngineLicensejid code (e.g. 16 bits) that matches the same named value stored as a 
fixed operating parameter in the PRINTER_QA (i.e. in M i+ ). As with all other operating 
parameters, the value of PrintEngineLicenseJd would be stored in PRINTER_QA at the 



printed. 



3.5.4 



Use of a PrintEngineLicense id 
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same time as the other various PRINTER_QA customizations are being applied, before 
being shipped to the OEM site. 

In this way, the OEMs can be sure of differentiating themselves through software func- 
tionality. 

3.5.5 Authentication of Ink 

The Silverbrook O/S must perform ink authentication [5] during prints. Ink usage authen- 
tication makes use of counters in SoPEC that keep an accurate record of the exact number 
of dots printed for each ink. 

The ink amount remaining in a given cartridge is stored in that cartridge's INK^QA chip. 
Other data stored on the INK^QA chip includes ink color, viscosity, Memjet firing pulse 
profile information, as well as licensing parameters such as OEM_Id, inkType, 
InkUsageLicenseJd, etc. This information is typically constant, and is therefore likely to 
be stored in M t+ within rNK_QA. 

Just as the Print Engine operating parameters are validated by means of PRENTER_QA, a 
given Print Engine license may only be permitted to function with specifically licensed 
ink. Therefore the software on SoPEC could contain a valid set of ink types, colors, 
OEM_Ids, InkUsageLicense_Ids etc. for subsequent matching against the data in the 
INK_QA. 

SoPEC must be able to authenticate reads from the ENK^QA, both in terms of ink parame- 
ters as well as ink remaining. 

To authenticate ink a number of steps must be taken: 

• restrict access to dot counts 

• authenticate ink usage and ink parameters via INK^QA and PRINTER_QA 

• broadcast ink dot usage to all SoPECs in a multi-SoPEC system 

3.5.5. 1 restrict access to dot counts 

Since the dot counts are accessed via the PHI in the PEP section of SoPEC, access to these 
registers (and more generally all PEP registers) must be only available from supervisor 
mode, and not by OEM code (running in user mode). Otherwise it might be possible for 
OEM program code to clear dot counts before authentication has occurred. 

3.5.5.2 authenticate ink usage and ink parameters via INK_QA and PR/NTER_QA 

The basic problem of authentication of ink remaining and other ink data boils down to the 
problem that we don't trust INI^QA. Therefore how can a SoPEC know the initial value 
of ink (or the ink parameters), and how can a SoPEC know that after a write to the 
INK_QA, the count has been correctly decremented 

Taking the first issue, which is determining the initial ink count or the ink parameters, we 
need a system whereby a given SoPEC can perform an authenticated read of the data in 
INI^QA. 

We cannot write the SoPECJdJcey to the INK_QA for two reasons: 

• • updating keys is not power-safe (i.e. if power is removed mid-update, the INK_QA 
could be rendered useless) 
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• the ink cartridge would then not work in another printer since the other printer would 
not know the old SoPECJdJcey {knowledge of the old key is required in order to 
change the old key to a new one). 

The proposed solution is to let INK^QA have two keys: 

• Kq = SupplylnkLicenseJcey. This key is constant for all ink cartridges for a given ink 
supply agreement between an OEM and a Silverbrook ComCo (this is not the same 
key as PrintEngineLicenseJcey which is stored as Kn in PRINTER_QA). Ko has write 
permissions to the ink remaining regions of Mq on INK.QA. 

• Kj = UselnkLicenseJcey. This is key is constant for all ink cartridges for a given ink 
usage agreement between an OEM and a Silverbrook ComCo (this is not the same key 
as PrintEngineLicenseJkey which is stored as Ko in PRINTER_QA). Ki has no write 
permissions to anything. 

Kn is used to authenticate the actual upgrades of the amount of ink remaining (e.g. to fill 
and refill the amount of ink). Upgrades are performed using the standard upgrade protocol 
described in [5], with INK^QA acting as the ChipU, and the external upgrader acting as 
the ChipS. The fill and refill upgrader (ChipS) also needs to check the appropriate ink 
licensing parameters such as OEM_Id\ InkType and InkUsageLicense_Id for validity. 

Kj is used to allow SoPEC to authenticate reads of the ink remaining and any other ink 
data. This is accomplished by having the same UselnkLicenseJcey within PRINTER^QA 
(e.g. in K 2 ), also with no write permissions. 

This means there are two shared keys, with PRINTER_QA sharing both, and thereby act- 
ing as a bridge between INK_QA and SoPEC. 

• UselnkLicenseJcey is shared between INK_QA and PRINTER^QA 

• SoPECJdJcey is shared between SoPEC and PRINTER_QA 

All SoPEC has to do is do an authenticated read [5] from INK_QA, pass the data / signa- 
ture to PRINTER^QA, let PRINTER^QA validate the data / signature, and then get 
PRINTER^QA to produce a similar signature based on the shared SoPECJdJcey. SoPEC 
can then compare PRINTER^Q A's signature with its own calculated signature (i.e. imple- 
ment a Test function [5] in software on the SoPEC), and if the signatures match, the data 
from INK_QA must be valid, and can therefore be trusted. 

Once the data from INK_QA is known to be trusted, the amount of ink remaining can be 
checked, and the other ink licensing parameters such as OEMJd, InkType, 
InkUsageLicense Jd can be checked for validity. 

The actual steps of read authentication as performed by SoPEC are: 



KEYl 1 // simple constants to specify which key to use when signing 
KEY 2 «- 2 

R printer «*" PRINTER_QA . random i ) 

R ijnc Mihx' SIGnnc <- INK_QA. read (KEYl. R PRINTER )// read with keyl : UseInkLicense_key 
Rsofec *~* random ( ) 

^PRINTER «- PRXNTER__QA. test (KEY 2 , R INX , M INX , SIG INK , KEYl , R SO pec> 
SIGsopk; «- KMAC,SHA_1 ( RpRitfTKR I Rs 0PBC | MlNK ) 
If ((SlGpuxOTER 1= 0) AND (SICpR INTER * SIG S0PEC )) 
M M irat <<2ata read from INK_QA) is valid 

ft m m could be ink parameters, such as InkUsageLicense_Id, or ink remaining 
If <M IMK . inkRemaining = expectedlnkRemaining) 

// all is ok 
Else 
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// the ink value, is not what we wrote, so don't print anything anymore 
Endlf 
Slae 

// the data read from INK_QA is not valid and cannot be trusted 
Endlf 



Strictly speaking, we don't need a nonce (R S OPEc) a11 time because M A (containing 
the ink remaining) should be decrementing between authentications. However we do need 
one to retrieve the initial amount of ink and the other ink parameters (at power up). This is 
why taking a random number from the WatchDogTimer at the receipt of the first page is 
acceptable. 

In summary, the SoPEC performs the non-authenticated write [5] of ink remaining to the 
1NKJ2A chip, and then performs an authenticated read of the data via the PRINTER_QA 
as per the pseudocode above. If the value is authenticated, and the INK_QA ink-remain- 
ing value matches the expected value, the count was correctly decremented and the print- 
ing can continue. 

3. 5.5.3 broadcast ink dot usage to all SoPECs in a multi-SoPEC system 

In a multi-SoPEC system, each SoPEC attached to a printhead(4 at most) must broadcast 
its ink usage to all the SoPECs. In this way, each SoPEC will have its own version of the 
expected ink usage. 

In the case of a man-in-the-middle attack, at worst the count in a given SoPEC is only its 
own count (i.e. all broadcasts are turned into 0 ink usage by the man-in-the-middle). 

A single SoPEC performs the update of ink remaining to the INK_QA chip, and then all 
SoPECs perform an authenticated read of the data via the appropriate PRINTER_QA (the 
PRINTER_QA that contains their matching SoPECJdJcey - remember that'multiple 
SoPECjdJceys can be stored in a single PRINTER_QA). If the value is authenticated, 
and the INK_QA value matches the expected value, the count was correctly decremented 
and the printing can continue. 

If any of the broadcasts are not received, or have been tampered with, the updated ink 
counts will not match. The only case this does not cater for is if each SoPEC is tricked (via 
an ISI man-in-the-middle attack), into a total that is the same, yet not the true total. Apart 
from the fact that this is not viable for general pages, at worst this is the maximum amount 
of ink printed by a single SoPEC. We don't care about protecting against this case. 

Since there will be at most 4 printing SoPEC, it requires at most 4 authenticated reads. 
This should be completed within 0.5 seconds - well within the 2 seconds/page print time. 

3.5.6 Example hierarchy 

The exact breakdown of hierarchy will depend on a later investigation, but for the pur- 
poses of scoping out possibilities, it is worthwhile considering an example hierarchy for 
illustrative purposes. 
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Adding an extra bootloader step to the example from Section 3.5.2, we can break up the 
contents of program space into logical sections, as shown in Table 1. Note that the ComCo 
does not provide any program code, merely operating parameters that is used by the O/S. 



Table 1. Sections of Program Space 









0 

(ROM) 


boot loader 0 
5HA-1 function 
asymmetric decrypt function 
bootOkey 


section 1 via bootOkey 


1 


boot loader 1 
SoPECLOS.pubtte.key 


ftACfrnn 9 vis% QnPFr HQ ruiKlir* Lnu 
£. via OUrCU V-/0__pvlOMC^KGy 


2 


ouvuiuiuuis vj/o program cgob 

function to generate 
SoPEC Jd.key from SoPEC.id 
Basic Print Engine 
ComCo_public_key 


section 3 via ComCo_public_key 

section 4 via OEM_publ!c_key (supplied in sec- 
tion 3) 

PRINTER_QA data, which includes the 
PrintEngineUcense.id, Siiverbrook operating 
parameters, and OEM operating parameters (ail 
authenticated via SoPEC Jd_key) 


3 


ComCo license agreement operat- 
ing parameter ranges, including 
PrintEngineLicenseJd (gets 
loaded into supervisor mode sec- 
tion of memory) 

OEM_public_key (gets loaded into 
supervisor mode section of mem- 
ory) 

Any ComCo written user-mode 
program code (gets loaded into 
mode mode section of memory) 


Is used by section 2 to verify section 4 and 
range of parameters as found in PRINTER_QA 


4 


OEM specific program code 


OEM operating parameters via calls to Silver- 
brook O/S code 



The verification procedures will be required each time the CPU is woken up, since the 
RAM is not preserved. 



3.5.7 What if the CPU is not fast enough? 

In the example of Section 3.5.6, every time the CPU is woken up to print a document it 
needs to perform: 

• SHA-l on all program code and program data 

• 4 sets of asymmetric decryption to load the program code and data 

• 1 HMAC-SHA1 generation per 51 2-bits of Siiverbrook and OEM printer and ink oper- 
ating parameters 

Although the SHA-l and HMAC process will be fast enough on the embedded CPU (the 
program code will be executing from ROM), it may be that the asymmetric decryption 
will be slow. And this becomes more likely with each extra level of authentication. If this 
is the case (as is likely), hardware acceleration is required. 

A cheap form of hardware acceleration takes advantage of the fact that in most cases the 
same program is loaded each time, with the first time likely to be at power-up. The hard- 
ware acceleration is simply data storage for the authoHzedDigest which means that the 
boot procedure now is: 
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• lowCPT7_boot loader 0 (data, sis) 

localDigest SHA-l(data) 

If (local Digest = previouslyStoredAuthorizedDigest) 

jump to program code at data-start address// will never to return 
Else 

author izedDigest 4- decrypt (sig, bootOkey) 

if (localDigest » authorizedcigest] 

previouslyStoredAuthorizedDigest «- author! zedDigest 

jump to program code at data-start address// will never to return 

Else 

// program code is unauthorized 
Endlf 



This procedure means that a reboot of the same authorized program code will only require 
SHA-1 processing. At power-up, or if new program code is loaded (e.g. an upgrade of a 
driver over the internet), then the full authorization via asymmetric decryption takes place. 
This is because the stored digest will not match at power-up and whenever a new program 
is loaded. 

The question is how much preserved space is required. 

Each digest requires 160 bits (20 bytes), and this is constant regardless of the asymmetric 
encryption scheme or the key length. While it is possible to reduce this number of bits, 
thereby sacrificing security, the cost is small enough to warrant keeping the full digest. 

However each level of boot loader requires its own digest to be preserved. This gives a 
maximum of 20 bytes per loader. Digests for operating parameters and ink levels may also 
be preserved in the same way, although these authentications should be fast enough not to 
require cached storage. 

Assuming SoPEC provides for 12 digests (to be generous), this is a total of 240 bytes. 
These 240 bytes could easily be stored as 60 x 32-bit registers, or probably more conven- 
iently as a small amount of RAM (eg 0.25 - 1 Kbyte). Providing something like 1 Kbyte of 
RAM has the advantage of allowing the CPU to store other useful data, although this is not 
a requirement. 

In general, it is useful for the boot ROM to know whether it is being started up due to 
power-on reset or activity on the USB/ISI. In the former case, it can ignore the previously 
stored values (either 0 for registers or garbage for RAM). In the latter case, it can use the 
previously stored values. Even without this, a startup value of 0 (or garbage) means the 
digest won't match and therefore the authentication will occur implictly. 

3.6 SOPEC ISI IDENTIFICATION 

At power-up, the host can send targeted data to the USB -connected SoPEC, but can only 
send broadcasts to all of the slave SoPECs via the USB-connected SoPECs ISI. 

Each slave SoPEC will verify the broadcast message received over the ISI, and if it is 
valid, will execute it Several levels of authorization may occur. However, at some stage, 
this common program code (broadcast to all of the slave SoPECs and signed by the appro- 
priate asymmetric private key) will, among other things, set the slave SoPECs ISI id. If 
there is only I slave, the id is given, but if there is more than 1 slave, the id must be deter- 
mined in some fashion. 
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On a particular physical arrangement of SoPECs each slave SoPEC will have a different 
set of connections on GPIOs. For example, one SoPEC maybe in charge of motor control, 
while another may be driving the LEDs etc. The unused GPIO pins (not necessarily the 
same on each SoPEC) can be set as inputs and then tied to 0 or 1. As long as the connec- 
tion settings are mutually exclusive, program code can determine which is which, and the 
id appropriately set. 

In some multi-SoPEC systems, a given SoPEC will only be attached to a single printhead 
(left or right). We can conveniently use the second printhead connection pins (temperature 
and test) to form an I SI id. 

This scheme of slave SoPEC identification does not introduce a security .breach. If an 
attacker rewires the pinouts to confuse identification, at best it will simply cause strange 
printouts (e.g. swapping of printout data) to occur, while at worst the Print Engine will 
simply not function. 

Note that some physical setting (e.g. pins) on each of the multiple SoPECs is required - the 
settings just need to be mutually exclusive. Although it is possible for all the SoPECs to 
come to a logical ISI id assignment (e.g. by using ethernet-like protocols), the ISI id needs 
to be very much a physical identity scheme. This is because these SoPECs are not simply 
logical processors - we want the correct portion of the page to be printed on the correct 
physical location, motor controls will be physically connected to a specific physical 
SoPEC etc. 

3.7 Setting up OA Chip keys 

In use, each INK_QA chip needs the following keys; 

• Kfl SupplylnkLicenseJcey 

• = UselnkLicenseJcey 

Each PRINTER^QA chip tied to a specific SoPEC requires the following keys: 

• Ko ■ PrintEngineLicenseJcey 

• Kj = SoPECjdJkey 

• K 2 = UselnkLicenseJkey 

Note that there may be more than one K t depending on the number of PRINTER_QA 
chips and SoPECs in a system. These keys need to be appropriately set up in the QA Chips 
before they will function correctly together. 

3.7.1 Original QA Chips as received by a ComCo 

When original QA Chips are shipped from QACo to a specific ComCo their keys are as 
follows: 

• Ko - QACojComCo^KeyO 

• K, = QACojComCoJCeyl 

• K 2 - QACojComCoJCeyl 

• K 3 = QACo_ComCo_Key3 

All 4 keys are only known to QACo. Note that these keys are different for each QA Chip. 

3.7.2 Steps at the ComCo 

The ComCo is responsible for making Print Engines out of Memjet printheads, QA Chips, 
PECs or SoPECs, PCBs etc. 
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In addition, the ComCo must customize the INK_QA chips and PRINTER_QA chip 
on-board the print engine before shipping to the OEM. 

There are two stages: 

• replacing the keys in QA Chips with specific keys for the application (i.e. INK.QA 
and PRINTER^QA) 

• setting operating parameters as per the license with the OEM 

3.7.2.1 Replacing keys 

The ComCo is issued QID hardware [4] by QACo that allows progranuning of the various 
keys (except for K x ) in a given QA Chip to the final values, following the standard 
ChipF/ChipP replace key (indirect version) protocol [5J. The indirect version of the proto- 
col allows each QACo_ComCo_Key to be different for each SoPEC. 

In the case of programming of PRINTER^QA's K } to be SoPECJdJcey, there is the addi- 
tional step of transferring an asymmetrically encrypted SoPEC Jd Jcey (by the public-key) 
along with the nonce (R P ) used in the replace key protocol to the device that is functioning 
as a ChipF. The ChipF must decrypt the SoPEC Jd Jcey so it can generate the standard 
replace key message for PRINTER_QA (functioning as a ChipP in the ChipF/ChipP pro- 
tocol). The asymmetric key pair held in the ChipF equivalent should be unique to a 
ComCo (but still known only by QACo) to prevent damage in the case of a compromise. 

Note that the various keys installed in the QA Chips (both INKJJA and PRINTER^QA) 
are only known to the QACo. .The OEM only uses QIDs and QACo supplied ChipFs. The 
replace key protocol [5] allows the programming to occur without compromising the old 
or new key. 

3. 7. 2. 2 Setting operating parameters 

There are two sets of operating parameters stored in PRINTER_QA and INKJJA: 

• fixed 

• upgradable 

The fixed operating parameters can be written to by means of a non-authenticated writes 
[5] to M l+ via a QID [4], and permission bits set such that they are ReadOnly. 

The upgradable operating parameters can only be written to after the QA Chips have been 
programmed with the correct keys as per Section 3.7.2.1. Once they contain the correct 
keys they can be programmed with appropriate operating parameters by means of a QID 
and an appropriate ChipS (containing matching keys). 
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3 Introduction 



This document describes the SoPEC ASIC (Small office home office Print Engine Controller) suitable for 
use in price sensitive SoHo printer products. The SoPEC ASIC is intended to be a low cost solution for bi- 
lithic printhead control, replacing the multichip solutions in larger more professional systems with a single 
chip. The increased cost competitiveness is achieved by integrating several systems such as a modified 
PEC1 [1] printing pipeline, CPU control system, peripherals and memory sub-system onto one SoC ASIC, 
reducing component count and simplifying board design. 

This section will give a general introduction to Memjet printing systems, introduce the components that 
make a bi-Iithic printhead system, describe possible system architectures and show how several SoPECs 
can be used to achieve A3 and A4 duplex printing. The section "SoPEC ASIC" describes the SoC SoPEC 
ASIC, with subsections describing the CPU, DRAM and Print Engine Pipeline subsystems. Each section 
gives a detailed description of the blocks used and their operation within the overall print system. The final 
section describes the bi-lithic printhead construction and associated implications to the system due to its 
makeup. 

Some sections of this document were derived from the Print Engine Controller Hardware Design Specifi- 
cation 1 ] written by Silverbrook Research. 
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4 Nomenclature 



4,1 



4.2 



4.3 



Bl-LITHIC PRINTHEAD NOTATION 

A bi-lithic based printhead is constructed from 2 printhead ICs of varying sizes. The notation M:N is used 
to express the size relationship of each IC, where M specifies one printhead IC in inches and N specifies 
the remaining printhead IC in inches. 

Section 35 Memjet Printhead contains a description of the bi-lithic printhead and related terminology. 



Definitions 

The following terms 
Bi-lithic printhead 
CPU 

ISI-Bridge chip 

ISIMaster 

ISISlave 

LEON 

LineSyncMaster 

Multi-SoPEC 

Netpage 

PEC1 

Printhead IC 
PrintMaster 

QA Chip 
Storage SoPEC 
Tag 



are used throughout this specification: 
Refers to printhead constructed from 2 printhead ICs 
Refers to CPU core, caching system and MMU. 

A device with a high speed interface (such as USB2.0, Ethernet or IEEEI394) and 
one or more IS! interfaces. The ISI-Bridge would be the ISIMaster for each of the 
ISI buses it interfaces to. 

The ISIMaster is the only device allowed to initiate communication on the Inter 
Sopec Interface (ISI) bus. The ISIMaster interfaces directly with the host. 

Multi-SoPEC systems will contain one or more ISISlave SoPECs connected to the 
ISI bus. ISISlaves can only respond to communication initiated by the ISIMaster. 

Refers to the LEON CPU core. 

The LineSyncMaster device generates the line synchronisation pulse that all 
SoPECs in the system must synchronise their line outputs to. 

Refers to SoPEC based print system with multiple SoPEC devices 

Refers to page printed with tags (normally in infrared ink). 

Refers to Print Engine Controller version 1, precursor to SoPEC used to control 
printheads constructed from multiple angled printhead segments. 

Single MEMS IC used to construct bi-lithic printhead 

The PrintMaster device is responsible for coordinating all aspects of the print 
operation. There may only be one PrintMaster in a system. 

Quality Assurance Chip 

An ISISlave SoPEC used as a DRAM store and which does not print. 

Refers to pattern which encodes information about its position and orientation which 
allow it to be optically located and its data contents read. 



Acronym and Abbreviations 

The following acronyms and abbreviations are used in this specification 
CPU Contone FIFO Unit 

CPU Central Processing Unit 

DIU DRAM Interface Unit 
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DNC 


Dead Nozzle Compensator 


DRAM 


Dynamic Random Access Memory 


DWU 


DotLine Writer Unit 


GPIO 


General Purpose Input Output 


HCU 


Halftoner Compositor Unit 


ICU 


Interrupt Controller Unit 


ISI 


Inter SoPEC Interface 


LDB 


Lossless Bi-level Decoder 


LLU 


Line Loader Unit 


LSS 


Low Speed Serial interface 


MEMS 


Micro Electro Mechanical System 


MMU 


Memory Management Unit 


PCU 


SoPEC Controller Unit 


PHI 


PrintHead Interface 


PSS 


Power Save Storage Unit 


RDU 


Real-time Debug Unit 


ROM 


Read Only Memory 


SCB 


Serial Communication Block 


SFU 


Spot FIFO Unit 


SMG4 


Silverbrook Modified Group 4. 


SoPEC 


Small office home office Print Engine Controller 


SRAM 


Static Random Access Memory 


TE 


Tag Encoder 


TFU 


Tag FIFO Unit 


TIM 


Timers Unit 


USB 


Universal Serial Bus 



4.4 Pseudocode notation 

In general the pseudocode examples use C like statements with some exceptions. 
Symbol and naming convections used for pseudocode. 



&,|, A »«,»~ 
AND,OR,NOT 
[XX: YY] 



Comment 
Assignment 

Operator equal, not equal, less than, greater than 
Operator addition, subtraction, multiply, divide, modulus 

Bitwise AND, bitwise OR, bitwise exclusive OR, left shift, right shift, complement 
Logical AND, Logical OR, Logical inversion 
Array/vector specifier 
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Concatenation operation 
Increment and decrement 

4.4.1 Register and signal naming conventions 

In general register naming uses the C style conventions with capitalization to denote word delimiters. Sig- 
nals use RTL style notation where underscore denote word delimiters. There is a direct translation between 
both convention. For example the CmdSourceFifo register is equivalent to cmd _jource Jifo signal. 



{a, b,c} 



4.5 State machine notation 



State machines should be described using the pseudocode notation outlined above. State machine descrip- 
tions use the convention of underline to indicate the cause of a transition from one state to another and 
plain text (no underline) to indicate the effect of the transition i.e. signal transitions which occur when the 
new state is entered. 

A sample state machine is shown in Figure 1 . 

reset sb 0 1 prat n ~ Q 
cdu_dlu_rreq « 0 



cdu_diu_rreq = 1 



Q Reset ^ 4 



yQ an Q 

cdu_dlu_rreq ■ 1 
tgnore_daia » 0 



done band O 
cdu_dlu_rreq - 0 
lgnore_data = 0 



Figure 1. Example State machine notation 
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5 Printing Considerations 

A bi-lithic printhead produces 1600 dpi bi-Ievel dots. On low-diffusion paper, each ejected drop forms a 
22.5um diameter dot. Dots are easily produced in isolation, allowing dispersed-dot dithering to be 
exploited to its fullest. Since the bi-lithic printhead is the width of the page and operates with a constant 
paper velocity, color planes are printed in perfect registration, allowing ideal dot-on-dot printing. Dot-on- 
dot printing minimizes 'muddying' of midtones caused by inter-color bleed. 

A page layout may contain a mixture of images, graphics and text. Continuous-tone (contone) images and 
graphics are reproduced using a stochastic dispersed-dot dither. Unlike a clustered-dot (or amplitude-mod- 
ulated) dither, a dispersed-dot (or frequency-modulated) dither reproduces high spatial frequencies (i.e. 
image detail) almost to the limits of the dot resolution, while simultaneously reproducing lower spatial fre- 
quencies to their full color depth, when spatially integrated by the eye. A stochastic dither matrix is care- 
fully designed to be free of objectionable low- frequency patterns when tiled across the image. As such its 
size typically exceeds the minimum size required to support a particular number of intensity levels (e.g. 
16xl6x 8 bits for 257 intensity levels). 

Human contrast sensitivity peaks at a spatial frequency of about 3 cycles per degree of visual field and 
then falls off logarithmically, decreasing by a factor of 100 beyond about 40 cycles per degree and becom- 
ing immeasurable beyond 60 cycles per degree [21] [22]. At a normal viewing distance of 1 2 inches (about 
300mm), this translates roughly to 200-300 cycles per inch (cpi) on the printed page, or 400-600 samples 
per inch according to Nyquist's theorem. 

In practice, contone resolution above about 300 ppi is of limited utility outside special applications such as 
medical imaging. Offset printing of magazines, for example, uses contone resolutions in the range 150 to 
300 ppi. Higher resolutions contribute slightly to color error through the dither. 

Black text and graphics are reproduced directly using bi-level black dots, and are therefore not anti-aliased 
(i.e. low-pass filtered) before being printed. Text should therefore be supersampled beyond the perceptual 
limits discussed above, to produce smoother edges when spatially integrated by the eye. Text resolution up 
to about 1200 dpi continues to contribute to perceived text sharpness (assuming low-diffusion paper, of 
course). 

A Netpage printer, for example, may use a contone resolution of 267 ppi (i.e. 1 600 dpi / 6), and a black 
text and graphics resolution of 800 dpi. A high end office or departmental printer may use a contone reso- 
lution of 320 ppi (1600 dpi / 5) and a black text and graphics resolution of 1600 dpi. Both formats are 
capable of exceeding the quality.of commercial (offset) printing and photographic reproduction. 
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6 Document Data Flow 



6.1 Considerations 

Because of the page-width nature of the bi-lithic printhead, each page must be printed at a constant speed 
to avoid creating visible artifacts. This means that the printing speed can't be varied to match the input 
data rate. Document rasterization and document printing are therefore decoupled to ensure the printhead 
has a constant supply of data. A page is never printed until it is fully rasterized. This can be achieved by 
storing a compressed version of each rasterized page image in memory. 

This decoupling also allows the RIP(s) to run ahead of the printer when rasterizing simple pages, buying 
time to rasterize more complex pages. 

Because contone color images are reproduced by stochastic dithering, but black text arid line graphics are 
reproduced directly using dots, the compressed page image format contains a separate foreground bi-Ievel 
black layer and background contone color layer. The black layer is composited over the contone layer after 
the contone layer is dithered (although the contone layer has an optional black component). A final layer 
of Netpage tags (in infrared or black ink) is optionally added to the page for printout. 

Figure 2 shows the flow of a document from computer system to printed page. 

, . _ 

I 



page layouts I 
and objects 

i 
i 



ID 



Figure 2. Document data flow 
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At 267 ppi for example, a A4 page (8.26 inches x 1 1.7 inches) of contone CMYK data has a size of 
26,3MB. At 320 ppi, an A4 page of contone data has a size of 37.8MB. Using lossy contone compression 
algorithms such as JPEG [23], contone images compress with a ratio up to 10:1 without noticeable loss of 
quality, giving compressed page sizes of 2.63MB at 267 ppi and 3.78 MB at 320 ppi. 

At 800 dpi, a A4 page of bi-level data has a size of 7.4MB. At 1600 dpi, a Letter page of bi-level data has 
a size of 29.5 MB. Coherent data such as text compresses very well. Using lossless bi-level compression 
| algorithms such as SMG4 fax as discussed in Section 8.1.2.3.1, ten-point plain text compresses with a 

ratio of about 50:1. Lossless bi-level compression across an average page is about 20:1 with 10:1 possible 
for pages which compress poorly. The requirement for SoPEC is to be able to print text at 10:1 compres- 
sion. Assuming 10:1 compression gives compressed page sizes of 0.74 MB at 800 dpi, and 2.95 MB at 
1600 dpi. 

Once dithered, a page of CMYK contone image data consists of 1 16MB of bi-level data. Using lossless bi- 
level compression algorithms on this data is pointless precisely because the optimal dither is stochastic - 
i.e. since it introduces hard-to-compress disorder. 

Netpage tag data is optionally supplied with the page image. Rather than storing a compressed bi-leve! 
data layeT for the Netpage tags, the tag data is stored in its raw form. Each tag is supplied up to 1 20 bits of 
raw variable data (combined with up to 56 bits of raw fixed data) and covers up to a 6mm x 6mm area (at 
1600 dpi). The absolute maximum number of tags on a A4 page is 15,540 when the tag is only 2mm x 
2mm (each tag is 126 dots x 126 dots, for a total coverage of 148 tags x 105 tags). 15,540 tags of 128 bits 
per tag gives a compressed tag page size of 0.24 MB. 

The multi-layer compressed page image format therefore exploits the relative strengths of lossy JPEG con- 
tone image compression, lossless bi-level text compression, and tag encoding. The format is compact 
enough to be storage-efficient, and simple enough to allow straightforward real-time expansion during 
printing. 

Since text and images normally don't overlap, the normal worst-case page image size is image only, while 
the normal best-case page image size is text only. The addition of worst case Netpage tags adds 0.24MB to 
the page image size. The worst-case page image size is text over image plus tags. The average page size 
assumes a quarter of an average page contains images. Table 1 shows data sizes for compressed Letter 
page for these different options. 



Table 1 . Data sizes for A4 page (6.26 Inches x 1 1.7 Inches) 





IIK1I 




Image only (contone), 10:1 compression 


2.63 MB 


3.78 MB 


Text only (bi-level), 1 0:1 compression 


0.74 MB 


2.95 MB 


Netpage tags. 1600 dpi 


0.24 M8 


0.24 MB 


Worst case (text + Image + tags) 


3.61 MB 


6.67 MB 


Average (text + 25% image + tags) 


1.64 MB 


4.25 MB 



6.2 Document Data Flow 

The Host PC rasterizes and compresses the incoming document on a page by page basis. The page is 
restructured into bands with one or more bands used to construct a page. The compressed data is then 
transferred to the SoPEC device via the USB link. A complete band is stored in SoPEC embedded mem- 
ory. Once the band transfer is complete the SoPEC device reads the compressed data, expands the band, 
normalizes contone, bi-level and tag data to 1600 dpi and transfers the resultant calculated dots to the bi- 
lithic printheadL 

The document data flow is 
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• The RIP software rasterizes each page description and compress the rasterized page image. 

• The infrared layer of the printed page optionally contains encoded Netpage [5] tags at a programmable 
density. 

• The compressed page image is transferred to the SoPEC device via the USB normally on a band by 
band basis. 

• The print engine takes the compressed page image and starts the page expansion. 

• The first stage page expansion consists of 3 operations performed in parallel 

• expansion of the JPEG-compressed contone layer 

• expansion of the SMG4 fax compressed bi-level layer 

• encoding and rendering of the bi-level tag data. 

• The second stage dithers the contone layer using a programmable dither matrix, producing up to four 
bi-level layers at full-resolution. 

• The second stage then composites the bi-level tag data layer, the bi-level SMG4 fax de-compressed 
layer and up to four bi-level JPEG de-compressed layers into the full-resolution page image. 

• A fixative layer is also generated as required 

• The last stage formats and prints the bi-level data through the bi-lithic printhead via the printhead inter- 
face. 

The SoPEC device can print a full resolution page with 6 color planes. Each of the color planes can be 
generated from compressed data through any channel (either JPEG compressed, bi-level SMG4 fax com- 
pressed, tag data generated, or fixative channel created) with a maximum number of 6 data channels from 
page RIP to bi-lithic printhead color planes. 

The mapping of data channels to color planes is programmable, this allows for multiple color planes in the 
printhead to map to the same data channel to provide for redundancy in the printhead to assist dead nozzle 
compensation. 

Also a data channel could be used to gate data from another data channel. For example in stencil mode, 
data from the bilevel data channel at 1600 dpi can be used to filter the contone data channel at 320 dpi, giv- 
ing the effect of 1 600 dpi contone image. 



6.3 Page considerations due to SoPEC 

The SoPEC device typically stores a complete page of document data on chip. The amount of storage 
available for compressed pages is limited to 2Mbytes, imposing a fixed maximum on compressed page 
size. A comparison of the compressed image sizes in Table 1 indicates that SoPEC would not be capable 
| of printing worst case pages unless they are split into bands and printing commences before all the bands 

for the page have been downloaded The page sizes in the table are shown for comparison purposes and 
would be considered reasonable for a professional level printing system. The SoPEC device is aimed at the 
consumer level and would not be required to print pages of that complexity. Target document types for the 
SoPEC device are shown Table 2. 



Table 2. Page content targets for SoPEC 







bMiM 


Best Case picture Image, 267ppi with 3 colors, A4 size 


8.26x1 1 .7x267x267x3 © 1 0:1 


1.97 


Full page text, 800dpi A4 size 


8.26x11.7x800x800 @ 10:1 


0.74 | 
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Table 2. Page content targets for SoPEC 




Mixed Graphics and Text 6x4x267x267x3 @ 5: 1 

- Image of 6 inches x 4 inches ® 267 ppi and 3 colors 800x800x73 ® 10:1 

- Remaining area text -73 inches 2 . 800 dpi 



1.55 



Best Case Photo, 3 Cofore, 6.6 Megapixel Image 6.6 Mpixel 0 10:1 



2.00 



If a document with more complex pages is required, the page RIP software in the host PC can determine 
that there is insufficient memory storage in the SoPEC for that document In such cases the RIP software 
can take two courses of action. It can increase the compression ratio until the compressed page size will fit 
in the SoPEC device, at the expense of document quality, or divide the page into bands and allow SoPEC 
to begin printing a page band before all bands for that page are downloaded. Once SoPEC starts printing a 
page it cannot stop, if SoPEC consumes compressed data faster than the bands can be downloaded a buffer 
underrun error could occur causing the print to fail. A buffer underrun occurs if line synchronisation pulse 
is received before a line of data has been transferred to the printhead. 

Other options which can be considered if the page does not fit completely into the compressed page store 
are to slow the printing or to use multiple SoPECs to print parts of the page. A Storage SoPEC (Section 
7.2.5) could be added to the system to provide guaranteed bandwidth data delivery. The print system could 
also be constructed using an ISI-Bridge chip (Section 7.2.6) to provide guaranteed data delivery. 
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7 Memjet Printer Architecture 

The SoPEC device can be used in several printer configurations and architectures. 

In the general sense every SoPEC based printer architecture will contain: 

• One or more SoPEC devices. 

• One or more bi-lithic printheads. 

• Two or more LSS busses. 

• Two or more QA chips. 

• USB 1 . 1 connection to host or ISI connection to Bridge Chip. 

• ISI bus connection between SoPECs (when multiple SoPECs are used). 

Some example printer configurations as outlined in Section 7.2. The various system components are out- 
lined briefly in Section 7.1. 

7.1 System Components 

7.1.1 SoPEC Print Engine Controller 

The SoPEC device contains several system on a chip (SoC) components, as well as the print engine pipe- 
line control application specific logic. 

7. 1. 1. 1 Print Engine Pipeline (PEP) Logic 

The PEP reads compressed page store data from the embedded memory, optionally decompresses the data 
and formats it for sending to the printhead. The print engine pipeline functionality includes expanding the 
page image, dithering the contone layer, compositing the black layer over the contone layer, rendering of 
Netpage tags, compensation for dead nozzles in the printhead, and sending the resultant image to the bi- 
lithic printhead. 

7.1.1.2 Embedded CPU 

SoPEC contains an embedded CPU for general purpose system configuration and management. The CPU 
performs page and band header processing, motor control and sensor monitoring (via the GPIO) and other 
system control functions. The CPU can perform buffer management or report buffer status to the host. The 
CPU can optionally run vendor application specific code for general print control such as paper ready 
monitoring and LED status update. 

7.1.1.3 Embedded Memory Buffer 

A 2.5Mbyte embedded memory buffer is integrated onto the SoPEC device, of which approximately 
2Mbytes are available for compressed page store data. A compressed page is divided into one or more 
bands, with a number of bands stored in memory. As a band of the page is consumed by the PEP for print- 
ing a new band can be downloaded. The new band may be for the current page or the next page. 

Using banding it is possible to begin printing a page before the complete compressed page is downloaded, 
but care must be taken to ensure that data is always available for printing or a buffer underrun may occur. 

An Storage SoPEC acting as a memory buffer (Section 7.2.5) or an ISl-Bridge chip with attached DRAM 
(Section 7.2.6) could be used to provide guaranteed data delivery. 
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7. 1 . 1.4 Embedded USB 1 . 1 DeWce 



The embedded USB l.l device accepts compressed page data and control commands from the host PC, 
and facilitates the data transfer to either embedded memory or to another SoPEC device in multi-SoPEC 
systems. 



7.1.2 BMithfc Printhead 



The printhead is constructed by abutting 2 printhead ICs together. The printhead ICs can vary in size from 
2 inches to 8 inches, so to produce an A4 printhead several combinations are possible. For example two 
printhead ICs of 7 inches and 3 inches could be used to create a A4 printhead (the notation is 7:3). Simi- 
larly 6 and 4 combination (6:4), or 5:5 combination. For an A3 printhead it can be constructed from 8:6 or 
an 7:7 printhead IC combination. For photographic printing smaller printheads can be constructed. 



7.1.3 LSS interface bus 



Each SoPEC device has 2 LSS system buses for communication with QA devices for system authentica- 
tion and ink usage accounting. The number of QA devices per bus and their position in the system is unre- 
stricted with the exception that PRINTERjQA and INK_QA devices should be on separate LSS busses. 



7.1.4 QA devices 



Each SoPEC system can have several QA devices. Normally each printing SoPEC will have an associated 
PRINTERJQA. Ink cartridges will contain an INKjQA chip. PRINTER_QA and INKjQA devices should 
be on separate LSS busses. All QA chips in the system are physically identical with flash memory contents 
defining PRINTERjQA from INKJQA chip. 



7.1.5 ISI interface 



The Inter-SoPEC Interface (ISI) provides a communication channel between SoPECs in a multi-SoPEC 
system. The ISIMaster can be SoPEC device or an ISI-Bridge chip depending on the printer configuration. 
Both compressed data and control commands are transferred via the interface. 



7.1.6 ISI-Bridge Chip 



A device , other than a SoPEC with a USB connection, which provides print data to a number of slave 
SoPECs. A bridge chip will typically have a high bandwidth connection, such as USB2.0, Ethernet or 
IEEE1394, to a host and may have an attached external DRAM for compressed page storage. A bridge 
chip would have one or more ISI interfaces. The use of multiple ISI buses would allow the construction of 
independent print systems within the one printer. The ISI-Bridge would be the ISIMaster for each of the 
ISI buses it interfaces to. 



7.2 Possible SoPEC Systems 



Several possible SoPEC based system architectures exist. The following sections outline some possible 
architectures. It is possible to have extra SoPEC devices in the system used for DRAM storage. The QA 
chip configurations shown are indicative of the flexibility of LSS bus architecture, but not limited to those 
configurations. 
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7.2.1 A4 Simplex with 1 SoPEC device 



U8B from 




Q hit* 

tow speed 



Figure 3. Single SoPEC A4 Simplex system 



In Figure 3, a single SoPEC device can be used to control two printhead ICs. The SoPEC receives com- 
pressed data through the USB device from the host. The compressed data is processed and transferred to 
the printhead. 

7.2.2 A4 Duplex with 2 SoPEC devices 



r — — — — — — — t 

I replaceable i 
i Ink cartridge i 




printhead assembly 



Figure 4. Dual SoPEC A4 Duplex system 

In Figure 4, two SoPEC devices are used to control two bi-lithic printheads, each with two printhead ICs. 
Each bi-lithic printhead prints to opposite sides of the same page to achieve duplex printing. The SoPEC 
connected to the USB is the ISIMaster SoPEC, the remaining SoPEC is an ISISlave. The ISIMaster 
receives all the compressed page data for both SoPECs and re-distributes the compressed data over the 
Inter-SoPEC Interface (ISI) bus. 
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It may not be possible to print an A4 page every 2 seconds in this configuration since the USB 1 . 1 connec- 
tion to the host may not have enough bandwidth. An alternative would be for each SoPEC to have its own 
USB 1.1 connection. This would allow a faster average print speed. 

7.2.3 A3 Simplex with 2 SoPEC devices 

r — — — — — — — i 

i replaceable j 
i Ink cartridge i 




1 Figure 5. Dual SoPEC A3 simplex system 

In Figure 5, two SoPEC devices are used to control one A3 bi-lithic printhead. Each SoPEC controls only 
one printhead IC (the remaining PHI port typically remains idle). The USB 1.1 connection defines the ISI- 
Master SoPEC. In this dual SoPEC configuration the compressed page store data is split across 2 SoPECs 
giving a total of 4Mbyte page store, this allows the system to use compression rates as in an A4 architec- 
ture, but with the increased page size of A3. The ISIMaster receives all the compressed page data for all 
SoPECs and re-distributes the compressed data over the Inter-SoPEC Interface (ISI) bus. 

It may not be possible to print an A3 page every 2 seconds in this configuration since the USB 1 . 1 connec- 
tion to the host will only have enough bandwidth to supply 2Mbytes every 2 seconds. Pages which require 
more than 2MBytes every 2 seconds will therefore print slower. An alternative would be for each SoPEC 
to have its own USB 1.1 connection. This would allow a faster average print speed. 
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In Figure 6 a 4 SoPEC system is shown. It contains 2 A3 bi-lithic printheads, one for each side of an A3 
page. Each printhead contain 2 printhead ICs, each prihthead IC is controlled by an independent SoPEC 
device, with the remaining PHI port typically unused. Again the USB 1 . 1 connection defines the ISIMaster 
with the other SoPECs as ISISlaves. In total, the system contains 8Mbytes of compressed page store 
(2Mbytes per SoPEC), so the increased page size does not degrade the system print quality, from that of an 
A4 simplex printer. The ISIMaster receives all the compressed page data for all SoPECs and re-distributes 
the compressed data over the Inter-SoPEC Interface (I SI) bus. 

It may not be possible to print an A3 page every 2 seconds in this configuration since the USB 1.1 connec- 
tion to the host will only have enough bandwidth to supply 2Mbytes every 2 seconds. Pages which require 
more than 2 MBytes every 2 seconds will therefore print slower. An alternative would be for each SoPEC 
or set of SoPECS on the same side of the page to have their own USB 1.1 connection. This would allow a 
faster average print speed. 
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7.2.5 SoPEC ORAM storage solution: A4 Simplex with 1 printing SoPEC and 1 memory SoPEC 



USB from Host < 



replaceable 
Ink cartridge 



:::: 




Ink cartridge 
OA chip 



SoPEC 
Device #0 




£l 




Q high 
O- low speed 



SoPEC I SoPEC used 
Device #1 I as ORAM storage 



I prlnthead assembly 

k_»_ — ________ 

Figure 7. SoPEC A4 Simplex system with extra SoPEC used as ORAM storage 



Extra SoPECs can be used for DRAM storage e.g. in Figure 7 an A4 simplex printer can be built with a 
single extra SoPEC used for DRAM storage. The DRAM SoPEC can provide guaranteed bandwidth deliv- 
ery of data to the printing SoPEC. SoPEC configurations can have multiple extra SoPECs used for DRAM 
storage. 
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7.2.6 ISI-Bridge chip solution: A3 Duplex system with 4 SoPEC devices 




Figure 8. A3 duplex system featuring four printing SoPECs 



In Figure 8, an ISI-Bridge chip provides slave-only ISI connections to SoPEC devices. Figure 8 shows a 
ISI-Bridge chip with 2 separate ISI ports. The ISI-Bridge chip is the ISIMaster on each of the ISI busses it 
is connected to. All connected SoPECs are ISISlaves. The ISI-Bridge chip will typically have a high band- 
width connection to a host and may have an attached external DRAM for compressed page storage. 

An alternative to having a ISI-Bridge chip would be for each SoPEC or each set of SoPECs on the same 
side of a page to have their own USB 1 . 1 connection. This would allow a faster average print speed. 
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8 Page Format and Printflow 

When rendering a page, the RIP produces a page header and a number of bands (a non-blank page requires 
at least one band) for a page. The page header contains high level rendering parameters, and each band 
contains compressed page data. The size of the band will depend on the memory available to the RIP, the 
speed of the RIP, and the amount of memory remaining in SoPEC while printing the previous band(s). Fig- 
ure 9 shows the high level data structure of a number of pages with different numbers of bands in the page. 



single band page 



2 band page 



mutti band page 



band 0 



bandO 



band 1 



page header 



bandO 



band n 



Figure 9. Pages containing different numbers of bands 

Each compressed band contains a mandatory band header, an optional bi-level plane, optional sets of inter- 
leaved contone planes, and an optional tag data plane (for Netpage enabled applications). Since each of 
these planes is optional 1 , the band header specifies which planes are included with the band Figure 10 
gives a high-level breakdown of the contents of a page band. 



band n 



band header 



bHevel plane 



contone plane 



tag data plane 



Figure 10. Contents of a page band 



A single SoPEC has maximum rendering restrictions as follows: 

• 1 bi-level plane 

• 1 contone interleaved plane set containing a maximum of 4 contone planes 

• 1 tag data plane 

• a bi-lithic printhead with a maximum of 2 printhead ICs 
The requirement for single-sided A4 single SoPEC printing is 

• average contone JPEG compression ratio of 10: 1 , with a local minimum compression ratio of 5: 1 for s 
single line of interleaved JPEG blocks. 



1 . Although a band must contain at least one plane 
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• average bi-level compression ratio of 10: 1 , with a local minimum compression ratio of 1 : 1 for a single 
line. 

If the page contains rendering parameters that exceed these specifications, then the RIP or the Host PC 
must split the page into a format that can be handled by a single SoPEC. 

In the general case, the SoPEC CPU must analyze the page and band headers and generate an appropriate 
set of register write commands to configure the units in SoPEC for that page. The various bands are passed 
to the destination SoPEC(s) to locations in DRAM determined by the host. 

The host keeps a memory map for the DRAM, and ensures that as a band is passed to a SoPEC, it is stored 
in a suitable free area in DRAM. Each SoPEC is connected to the ISI bus or USB bus via its Serial com- 
munication Block (SCB). The SoPEC CPU configures the SCB to allow compressed data bands to pass 
from the USB or ISI through the SCB to SoPEC DRAM. Figure 1 1 shows an example data flow for a page 
destined to be printed by a single SoPEC. Band usage information is generated by the individual SoPECs 
and passed back to the host. 



Host RIP 



page/band header 



W- level plane 



contone interleaved 
plane 



tag data plane 



SCB 

r i 

I passed through 



i 



passed through 



T 

I passed through 
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I- I 



SoPEC'a ORAM 



page/band header 



contone interleaved 
plane 




tag data plane 



register commands 4. 



SoPEC'a Registers 



CPU 



Figure 11. Page data path from host to SoPEC 



SoPEC has an addressing mechanism that permits circular band memory allocation, thus facilitating easy 
memory management. However it is not strictly necessary that all bands be stored together. As long as the 
appropriate registers in SoPEC are set up for each band, and a given band is contiguous 1 , the memory can 
be allocated in any way. 



1 . Contiguous allocation also includes wrapping around in SoPEC's band store memory. 
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8.1 Print engine example page format 

This section describes a possible format of compressed pages expected by the embedded CPU in SoPEC. 
The format is generated by software in the host PC and interpreted by embedded software in SoPEC. This 
section indicates the type of information in a page format structure, but implementations need not be lim- 
ited to this format. The host PC can optionally perform the majority of the header processing. 

The compressed format and the print engines are designed to allow real-time page expansion during print- 
ing, to ensure that printing is never interrupted in the middle of a page due to data underrun. 

The page format described here is for a single black bi-level layer, a contone layer, and a Netpage tag 
layer. The black bi-level layer is defined to composite over the contone layer. 

The black bi-level layer consists of a bitmap containing a 1-bit opacity for each pixel. This black layer 
matte has a resolution which is an integer or non-integer factor of the printer's dot resolution. The highest 
supported resolution is 1600 dpi, i.e. the printers full dot resolution. 

The contone layer, optionally passed in as YCrCb, consists of a 24-bit CMY or 32-bit CMYK color for 
each pixel. This contone image has a resolution which is an integer or non-integer factor of the printer's 
dot resolution. The requirement for a single SoPEC is to support 1 side per 2 seconds A4/Letter printing at 
a resolution of 267 ppi, i.e. one-sixth the printer's dot resolution. 

Non-integer scaling can be performed on both the contone and bi-level images. Only integer scaling can be 
performed on the tag data. 

The black bi-level layer and the contone layer are both in compressed form for efficient storage in the 
printer's internal memory. 

8.1 .1 Page structure 

A single SoPEC is able to print with full edge bleed for Letter and A3 via different stitch part combina- 
tions of the bi-lithic printhead. It imposes no margins and so has a printable page area which corresponds 
to the size of its paper. The target page size is constrained by the printable page area, less the explicit (tar- 
get) left and top margins specified in the page description. These relationships are illustrated below. 





target top margin 
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s 

1 

i 
1 




^- printable page e 
(physical page) 




target bottom margin 

















Figure 12. Page structure 
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8.1 .2 Compressed page format 

Apart from being implicitly defined in relation to the printable page area, each page description is com- 
plete and self-contained. There is no data stored separately from the page description to which the page 
description refers. 1 The page description consists of a page header which describes the size and resolution 
of the page, followed by one or more page bands which describe the actual page content. 

8.1.2.1 Page header 

Table 3 shows an example format of a page header. 



Table 3. Page header format 





wwm 




signature 


16-Wt integer 


Page header format signature. 


version 


16-bit integer 


Page header format version number. 


structure size 


16-bit integer 


Size of page header. 


band count 


16-bit integer 


Number of bands specified for this page. 


♦rt f aoaIi iHaa 

largei rasoiuiion \PP') 


lo-Dii integer 


Hesorutton or target page. This is always 1600 for the Memjet 
printer. 


target page width 


16-bit Integer 


Width of target page, in dots. 


target page height 


32-bit Integer 


Height of target page. In dots. 


target left margin for black and 
contone 


16-bit integer 


Width of target left margin, in dots, for black and contone. 


target top margin tor black and 
contone 


16-bit Integer 


Height of target top margin, in dots, for Mack and contone. 


target right margin for black and 
contone 


16-bit integer 


Width of target right margin, in dots, for black and contone. 


target bottom margin for black 
and contone 1 


16-blt integer 


Height of target bottom margin, in dots, for black and contone. 


target left margin for tags 


16-bit integer 


Width of target left margin, in dots, for tags. 


target top margin for tags 


16-bit integer 


Height of target top margin. In dots, for tags. 


target right margin for tags 


16-blt integer 


Width of target right margin, In dots, for tags. 


target bottom margin for tags 


16-bit integer 


Height of target bottom margin, in dots, for tags. 


generate tags 


16-bit integer 


Specifies whether to generate tags for this page (0 - no. 1 - 
yes). 


fixed tag data 


128-btt integer 


This is only valid if generate tags is set 


tag vertical scale factor 


16-bit Integer 


Scale factor in vertical direction from tag data resolution to tar- 
get resolution. Valid range = 1-511. Integer scaling only 


tag horizontal scale factor 


16-bit integer 


Scale factor in horizontal direction from tag data resolution to 
target resolution. Valid range = 1 -51 1 . Integer scaling only. 


bHevel layer vertical scale factor 


16-bit integer 


Scale factor in vertical direction from bWeve! resolution to tar- 
get resolution (must be 1 or greater). May be non-integer. 
Expressed as a fraction with upper 8-bits the numerator and 
the lower 8 bits the denominator. 



I. SoPEC relics on dither matrices and tag structures to have already been set up, but these are not considered to be part of a general page 
format. It is trivial to extend the page format to allow exact specification of dither matrices and tag structures. 
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Table 3. Page header format 









bMevet layer horizontal scale fac- 
tor 


16-bit integer 


Scale factor in horizontal direction from bi-ievel resolution to 
target resolution (must be 1 or greater). May be non-integer. 
Expressed as a fraction with upper 8-bits the numerator and 
the lower 8 bits the denominator. 


bi-tevel layer page width 


1 6-bit Integer 


Width of bi-level layer page, in pixels. 


bf-tevel layer page height 


32-bit integer 


Height of bHevel layer page, in pixels. 


contone flags 

- 


16 bit integer 


Defines the color conversion that is required for the JPEG 
data. 

Bits 2-0 specify how many contone planes there are (e.g. 3 for 
CMY and 4 for CMYK). 

Bit 3 specifies whether the first 3 color planes need to be con- 
verted back from YCrCb to CMY Only valid If b2-0 = 3 or 4. 

0 - no conversion, leave JPEG colors alone 

1 - color convert 

Bits 7-4 SDecifies whether the YCrCb wan aartamttxi rfirAfrii/ 
from CMY, or whether it was converted to RGB first via the 
step: R = 255-C, G o 255-M, B = 255-Y Each of the color 
planes can be individually inverted. 
Bit 4: 

0 - do not invert color plane 0 

1 - invert color plane 0 
Bit 5: 

0 - do not invert color plane 1 

1 - Invert color plane 1 
Bit 6: 

0 - do not invert color plane 2 

1 - Invert color plane 2 
Bit 7: 

0 - do not invert color plane 3 

1 - invert color plane 3 

Bit 8 specifies whether the contone data is JPEG compressed 
or non-compressed: 

0 - JPEG compressed 

1 - non-compressed 

The remaining bits are reserved (0). 


contone vertical scale factor 


16-Wt Integer 


Scale factor in vertical direction from contone channel resolu- 
tion to target resolution. Valid range = 1 -255. May be non-Inte- 
ger. 

Expressed as a fraction with upper 8-blts the numerator and 
the lower 8 bits the denominator 






contone horizontal scale factor 


16-bit integer 


Scale factor in horizontal direction from contone channel reso- 
lution to target resolution. Valid range = 1-255. May be non- 
integer. 

Expressed as a fraction with upper 8-bits the numerator and 
the lower 8 bits the denominator. 


contone page width 


16-bit integer 


Width of contone page, in contone pixels. 


contone page height 


32-bit Integer 


Height of contone page, In contone pixels. 


reserved 


up to 128 
bytes 


Reserved and 0 pads out page header to multiple of 128 
bytes. 



The page header contains a signature and version which allow the CPU to identify the page header format 
If the signature and/or version are missing or incompatible with the CPU, then the CPU can reject the 
page. 
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The contone flags define how many contone layers are present, which typically is used for defining 
whether the contone layer is CMY or CMYK. Additionally, if the color planes are CMY, they can be 
optionally stored as YCrCb, and further optionally color space converted from CMY directly or via RGB. 
Finally the contone data is specified as being either JPEG compressed or non-compressed 

The page header defines the resolution and size of the target page. The bi-level and contone layers are 
clipped to the target page if necessary. This happens whenever the bi-level or contone scale factors are not 
factors of the target page width or height. 

The target left, top, right and bottom margins define the positioning of the target page within the printable 
page area. 

The tag parameters specify whether or not Netpage tags should be produced for this page and what orien- 
tation the tags should be produced at (landscape or portrait mode). The fixed tag data is also provided. 

The contone, bi-level and tag layer parameters define the page size and the scale factors. 

8.1.2,2 Band format 

Table 4 shows the format of the page band header. 



Table 4. Band header format 





mmm 




signature . 


16-bit Integer 


Page band header format signature. 


version 


16-bit integer 


Page band header format version number. 


structure size 


16-blt Integer 


Size of page band header. 


bHevel layer band height 


16-blt Integer 


Height of bi-level layer band, In black pixels. 


bi-level layer band data size 


32-bit integer 


Size of bi-levei layer band data, in bytes. 


contone band height 


16-bit integer 


Height of contone band, in contone pixels. 


contone band data size 


32-bit integer 


Size of contone plane band data, in bytes. 


tag band height 


16-bit integer 


Height of tag band, In dots. 


tag band data size 


32-bit integer 


Size of unencoded tag data band, in bytes. 
Can be 0 which indicates that no tag data is 
provided. 


reserved 


up to 128 
bytes 


Reserved and 0 pads out band header to 
multiple of 128 bytes. 



The bi-level layer parameters define the height of the black band, and the size of its compressed band data. 
The variable-size black data follows the page band header. 

The contone layer parameters define the height of the contone band, and the size of its compressed page 
data. The variable-size contone data follows the black data. 

The tag band data is the set of variable tag data half-lines as required by the tag encoder. The format of the 
tag data is found in Section 26.5.2. The tag band data follows the contone data. 

Table 5 shows the format of the variable-size compressed band data which follows the page band header. 



Table 5. Page band data format 



mmm 






black data 


Modified G4 facsimile bitstream 1 


Compressed bi-level layer. 


contone data 


JPEG bytestream 


Compressed contone data layer. 


tag data map 


Tag data array 


Tag data format See Section 26.5.2. 
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1t See section 8.1 .2.3 on page 31 for note regarding the use of this standard 

The start of each variable-size segment of band data should be aligned to a 256-bit DRAM word boundary. 

The following sections describe the format of the compressed bi-level layers and the compressed contone 
layer section 26.5.1 on page 365 describes the format of the tag data structures. 

0. 1.2.3 Bi-Ievet data compression ■ 

The (typically 1600 dpi) black bi-level layer is losslessly compressed using Silverbrook Modified Group 4 
(SMG4) compression which is a version of Group 4 Facsimile compression [18] without Huffman and 
with simplified run length encodings. Typically compression ratios exceed 10: 1. The encoding are listed in 
Table 6 and Table 7 



Table 6. Bl-Level group 4 facsimile style compression encodings 



mm 






same as 

Group 4 Facsimile 


1000 


Pass Command: aO *— b2 f skip next two edges 


1 


Vertfcal(O): aO <— b1 , color a Icotor 


110 


Vertical(1): aO <- b1 + 1 , color = Icolor 


010 


Vertical(-I): aO <- b1 - 1 , color = (color 


110000 


VerticaJ(2): aO *- b1 +2, color = Icdor 


010000 


Vertical(-2): aO <- b1 - 2, color = (color j 


Unique to this 
implementation 


100000 


Vortical(3): aO «- b1 + 3, color » Icofor 


000000 


Vertica((-3): aO «— b1 - 3, color » Icdor 


<RL><RL>100 


Horizontal: aO *- aO + <RL> + <RL> 



SMG4 has a pass through mode to cope with local negative compression. Pass through mode is activated 
by a special run-length code. Pass through mode continues to either end of line or for a pre-programmed 
number of bits, whichever is shorter. The special run-length code is always executed as a run-length code, 
followed by pass through. The pass through escape code is a medium length run-length with a run of less 
than or equal to 31. 



Table 7. Run length (RL) encodings 



mm 








RRRRR1 


Short Black Runlength (5 bits) 




RRRRR1 


Short White Runlength (5 bits) 




RRRRRRRRRR10 


Medium Blade Runlength (10 bits) 




RRRRRRRR10 


Medium White Runlength (8 bits) 


c 

tn O 


RRRRRRRRRR10 


Medium Black Runlength with RRRRRRRRRR <= 31, 
Enter pass through 


Vique to thi; 
iplementati 


RRRRRRRR10 


Medium White Runlength with RRRRRRRR <s 31 , 
Enter pass through 


RRRRRRRRRRRRRRROO 


Long Black Runlength (1 5 bits) 


3 .§ 


RRRRRRRRRRRRRRROO 


Long White Runlength (1 5 bits) 
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Since the compression is a bitstream, the encodings are read right (least significant bit) to left (most signif- 
icant bit). The run lengths given as RRRR in Table 7 are read in the same way (least significant bit at the 
right to most significant bit at the left). 

Each band of bi-level data is optionally self contained. The first line of each band therefore is based on a 
'previous' blank line or the last line of the previous band. 

• 8.1.2.3.1 Group 3 and 4 facsimile compression 

The Group 3 Facsimile compression algorithm [18] losslessly compresses bi-level data for transmission 
over slow and noisy telephone lines. The bi-level data represents scanned, black text and graphics on a 
white background, and the algorithm is tuned for this class of images (it is explicitly not tuned, for exam- 
ple, for halftoned bi-level images). The /£> Group 3 algorithm runlength-encodes each scanline and then 
Huffman -encodes the resulting runlengths. Run lengths in the range 0 to 63 are coded with terminating 
codes. Runlengths in the range 64 to 2623 are coded with make-up codes, each representing a multiple of 
64, followed by a terminating code. Runlengths exceeding 2623 are coded with multiple make-up codes 
followed by a terminating code. The Huffman tables are fixed, but are separately tuned for black and white 
runs (except for make-up codes above 1728, which are common). When possible, the 2D Group 3 algo- 
rithm encodes a scanline as a set of short edge deltas (0, +1, ±2, ±3) with reference to the previous scan- 
line. The delta symbols are entropy-encoded (so that the zero delta symbol is only one bit long etc.) Edges 
within a 2D-encoded line which can't be delta-encoded are runlength-encoded, and are identified by a pre- 
fix. ID- and 2D-encoded lines are marked differently. ID-encoded lines are generated at regular intervals, 
whether actually required or not, to ensure that the decoder can recover from line noise with minimal 
image degradation. 2D Group 3 achieves compression ratios of up to 6: 1 [28]. 

The Group 4 Facsimile algorithm [18] losslessly compresses bi-level data for transmission over error-free 
communications lines (i.e. the lines are truly error- free, or error-correction is done at a lower protocol 
level). The Group 4 algorithm is based on the 2D Group 3 algorithm, with the essential modification that 
since transmission is assumed to be error- free, ID-encoded lines are no longer generated at regular inter- 
vals as an aid to error-recovery. Group 4 achieves compression ratios ranging from 20:1 to 60:1 for the 
CCITT set of test images [28]. . 

The design goals and performance of the Group 4 compression algorithm qualify it as a compression algo- 
rithm for the bi-level layers. However, its Huffman tables are tuned to a lower scanning resolution (100- 
400 dpi), and it encodes runlengths exceeding 2623 awkwardly. 

8.1.2.4 Contone data compression 

The contone layer. (CMYK) is either a non- compressed bytestream or is compressed to an interleaved 
JPEG bytestream. The JPEG bytestream is complete and self-contained. It contains all data required for 
decompression, including quantization and Huffman tables. 

The contone data is optionally converted to YCrCb before being compressed (there is no specific advan- 
tage in color-space converting if not compressing). Additionally, the CMY contone pixels are optionally 
converted (on an individual basis) to RGB before color conversion using R=255-C, G=255-M, B=255-Y 
Optional bitwise inversion of the K plane may also be performed Note that this CMY to RGB conversion 
is not intended to be accurate for display purposes, but rather for the purposes of later converting to 
YCrCb. The inverse transform will be applied before printing. 

8.1.2.4.1 JPEG compression 

The JPEG compression algorithm [23] lossily compresses a contone image at a specified quality level. It 
introduces imperceptible image degradation at compression ratios below 5:1, and negligible image degra- 
dation at compression ratios below 10:1 [29]. 
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JPEG typically first transforms the image into a color space which separates luminance and chrominance 
into separate color channels. This allows the chrominance channels to be subsampled without appreciable 
loss because of the human visual system's relatively greater sensitivity to luminance than chrominance. 
After this first step, each color channel is compressed separately. 

The image is divided into 8x8 pixel blocks. Each block is then transformed into the frequency domain via 
a discrete cosine transform (DCT). This transformation has the effect of concentrating image energy in rel- 
atively lower-frequency coefficients, which allows higher-frequency coefficients to be more crudely quan- 
tized. This quantization is the principal source of compression in JPEG. Further compression is achieved 
by ordering coefficients by frequency to maximize the likelihood of adjacent zero coefficients, and then 
runlength-encoding runs of zeroes. Finally, the runlengths and non-zero frequency coefficients are entropy 
coded. Decompression is the inverse process of compression. 

8.1.2.4.2 Non-compressed format 

If the contone data is non-compressed; it must be in a block-based format bytestream with the same pixel 
order as would be produced by a JPEG decoder. The bytestream therefore consists of a series of 8x8 block 
of the original image, starting with the top left 8x8 block, and working horizontally across the page (as it 
will be printed) until the top rightmost 8x8 block, then the next row of 8x8 blocks (left to right) and so on 
until the lower row of 8x8 blocks (Left to right). Each 8x8 block consists of 64 8-bit pixels for color plane 
0 (representing 8 rows of 8 pixels in the order top left to bottom right) followed by 64 8-bit pixels for color 
plane 1 and so on for up to a maximum of 4 color planes. 

If the original image is not a multiple of 8 pixels in X or Y, padding must be present (the extra pixel data 
will be ignored by the setting of margins). 

8.1.2.4.3 Compressed format 

If the contone data is compressed the first memory band contains JPEG headers (including tables) plus 
MCUs (minimum coded units). The ratio of space between the various color planes in the JPEG stream is 
1 : 1 : 1 : 1 . No subsampling is permitted. Banding can be completely arbitrary i.e there can be multiple JPEG 
images per band or 1 JPEG image divided over multiple bands. The break between bands is only memory 
alignment based. 

8.1.2.4.4 Conversion of RGB to YCrCb (In RIP) 

YCrCb is denned as per CCIR 601-1 [20J except that Y, Cr and Cb are normalized to occupy all 256 levels 
of an 8-bit binary encoding and take account of the actual hardware implementation of the inverse trans- 
form within SoPEC. 

The exact color conversion computation is as follows: 

• Y* « (9805/32768)R + (19235/32768)G + (3728/32768)B 

• Cr* = (16375/32768)R - (13716/32768)G - (2659/32768)B 128 

• Cb* - -(5529732768)R - (1 0846/3 2768)G + (16375/32768)B + 128 

Y, Cr and Cb are obtained by rounding to the nearest integer. There is no need for saturation since ranges 
of Y*, Cr* and Cb* after rounding are [0-255], [1-255] and [1-255] respectively. Note that Jul! accuracy is 
possible with 24 bits. See [14] for more information. 
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SOPEC ASIC 
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9 Overview 

The Small Office Home Office Print Engine Controller (SoPEC) is a page rendering engine ASIC that 
takes compressed page images as input, and produces decompressed page images at up to 6 channels of bi- 
level dot data as output. The bi-level dot data is generated for the Memjet bi-lithic printhead The dot gen- 
eration process takes account of printhead construction, dead nozzles, and allows for fixative generation. 

A single SoPEC can control 2 bi-lithic printheads and up to 6 color channels at 10,000 lines/sec* , equating 
to 30 pages per minute. A single SoPEC can perform full-bleed printing of A3, A4 and Letter pages. The 6 
channels of colored ink are the expected maximum in a consumer SOHO, or office Bi-lithic printing envi- 
ronment: 

• CMY, for regular color printing. 

• K, for black text, line graphics and gray-scale printing. 

• IR (infrared), for Netpage-enabled [5] applications. 

• F (fixative), to enable printing at high speed . Because the bi-lithic printer is capable of printing so fast, 
a fixative may be required to enable the ink to dry before the page touches the page already printed. 
Otherwise the pages may bleed on each other. In low speed printing environments the fixative may not 
be required 

SoPEC is color space agnostic. Although it can accept contone data as CMYX or RGBX, where X is an 
optional 4th channel, it also can accept contone data in any print color space. Additionally, SoPEC pro- 
vides a mechanism for arbitrary mapping of input channels to output channels, including combining dots 
for ink optimization, generation of channels based on any number of other channels etc. However, inputs 
are typically CMYK for contone input, K for the bi-level input, and the optional Netpage tag dots are typ- 
ically rendered to an infra-red layer. A fixative channel is typically generated for fast printing applications. 

SoPEC is resolution agnostic. It merely provides a mapping between input resolutions and output resolu- 
tions by means of scale factors. The expected output resolution is 1600 dpi, but SoPEC actually has no 
knowledge of the physical resolution of the Bi-lithic printhead 

SoPEC is page-length agnostic. Successive pages are typically split into bands and downloaded into the 
page store as each band of information is consumed and becomes free. 

SoPEC provides an interface for synchronization with other SoPECs. This allows simple multi-SoPEC 
solutions for simultaneous A3/A4/Letter duplex printing. However, SoPEC is also capable of printing only 
a portion of a page image. Combining synchronization functionality with partial page rendering allows 
multiple SoPECs to be readily combined for alternative printing requirements including simultaneous 
duplex printing and wide format printing. 

Table 8 lists some of the features and corresponding benefits of SoPEC, 



Table 8. Features and Benefits of SoPEC 



fflHKHMH 




Optimised print architecture In hardware 


30ppm full page photographic quality color printing 
from a desktop PC 


0.13micron CMOS 
(>3 million transistors) 


High speed 
Low cost 

High functionality f 



1 . 1 0,000 lines per second equates to 30 A4/Letter pages per minute at 1 600 dpi 
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Table 8. Features and Benefits of SoPEC 







900 Million dots per second 


Extremely fast page generation 


10,000 lines per second at 1 600 dpi 


0.5 A4/Letter pages per SoPEC chip per second 


1 chip drives up to 1 33,920 nozzles 


Low cost page-width printers 


1 chip drives up to 6 color planes 


99% of SoHo printers can use 1 SoPEC device 


Integrated ORAM 


No external memory required, leading to low cost 


Power saving sleep mode 


SoPEC can enter a power saving sleep mode to 
reduce power dissipation between print jobs 


JPEG expansion 


Low bandwidth from PC 

Low memory requirements in printer 


uusawMi kHifJictno expansion 


High resolution text and line art with low bandwidth 
from PC (e.g. over USB) 


Netpage tag expansion 


Generates interactive paper 


Stochastic dispersed dot dither 


Optically smooth Image quality 
No moire effects 


Hardware compositor for 6* image planes 


Pages composited in real-time 


Dead nozzle compensation 


Extends printhead life and yield 
Reduces printhead cost 


Color space agnostic 


Compatible with all inksets and image sources 
Inducing RGB, CMYK, spot, CIE L*at>*, hex- 
achrome, YCrCbK, sRGB and other 


Color space conversion 


Higher quality / lower bandwidth 


Computer Interface 


USB1.1 interface to Host and IS! interface to ISI- 
B ridge chip thereby allowing connection to IEEE 
1394, Bluetooth etc. 


Vsasccujauio in resolution 


Printers of any resolution 


Cascadable In color depth 


Special color sets e.g. hexachrome can be used 


Cascadable in image size 


Printers of any width up to 16 Inches 


Cascadable in pages 


Printers can print both sides simultaneously 


Cascadable In speed 


Higher speeds are possible by having each SoPEC 
print one vertical strip of the page. 


Fixative channel data generation 


Extremely fast Ink drying without wastage 


Built-in security 


Revenue models are protected 


Undercolor removal on dot-by-dot basis 


Reduced ink usage 


Does not require fonts for high speed 
operation 


No font substitution or missing fonts 


Flexible printhead configuration 


Many configurations of printheads are supported by 
one chip type 


Drives BHithic printheads directly 


No print driver chips required, results in lower cost 


Determines dot accurate Ink usage 


Removes need tor physical Ink monitoring system in 
ink cartridges 



9,1 Printing rates 

The required printing rate for SoPEC is 30 sheets per minute with an inter-sheet spacing of 4 cm. To 
achieve a 30 'sheets per minute print rate, this requires: 
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300mm x 63.(dot/mm) / 2 sec = 1 05.8 useconds per line, with no inter-sheet gap. 

340mm x 63 (dot/mm) / 2 sec = 93.3 useconds per line, with a 4 cm inter-sheet gap. 

A printline for an A4 page consists of 13824 nozzles across the page [2]. At a system clock rate of 160 
MHz 13824 dots of data can be generated in 86.4 useconds. Therefore data can be generated fast enough 
to meet the printing speed requirement It is necessary to deliver this print data to the print-heads. 

Printheads can be made up of 5:5, 6:4, 7:3 and 8:2 inch printhead combinations [2]. Print data is trans- 
ferred to both print heads in a pair simultaneously. This means the longest time to print a line is determined 
by the time to transfer print data to the longest print segment. There are 9744 nozzles across a 7 inch print- 
head. The print data is transferred to the printhead at a rate of 1 06 MHz (2/3 of the system clock rate) per 
| color plane. This means that it will take 91 .9 us to transfer a single line for a 7:3 printhead configuration. 

So we can meet the requirement of 30 sheets per minute printing with a 4 cm gap with a 7:3 printhead 
combination. There are 1 1 1 60 across an 8 inch printhead. To transfer the data to the printhead at 1 06 MHz 
will take 105.3 us. So an 8:2 printhead combination printing with an inter-sheet gap will print slower than 
30 sheets per minute. 

9,2 SOPEC BASIC ARCHITECTURE 

From the highest point of view the SoPEC device consists of 3 distinct subsystems 

• CPU Subsystem 

• DRAM Subsystem 

• Print Engine Pipeline (PEP) Subsystem 

See Figure 1 3 for a block level diagram of SoPEC. 

9.2.1 CPU Subsystem 

| The CPU subsystem controls and configures all aspects of the other subsystems. It provides general sup- 

port for interfacing and synchronising the external printer with the internal print engine. It also controls the 
low speed communication to the QA chips. The CPU subsystem contains various peripherals to aid the 

| CPU, such as GPIO (includes motor control), interrupt controller, LSS Master and general timers. The 

Serial Communications Block (SCB) on the CPU subsystem provides a full speed USB1 . 1 interface to the 
Host as well as an Inter SoPEC Interface (ISI) to other SoPEC devices. 



9.2.2 DRAM Subsystem 

The DRAM subsystem accepts requests from the CPU, Serial Communications Block (SCB) and blocks 
within the PEP subsystem. The DRAM subsystem (in particular the DIU) arbitrates the various requests 
and determines which request should win access to the DRAM. The DIU arbitrates based on configured 
parameters, to allow sufficient access to DRAM for all requestors. The DIU also hides the implementation 
specifics of the DRAM such as page size, number of banks, refresh rates etc. 

9.2.3 Print Engine Pipeline (PEP) subsystem 

The Print Engine Pipeline (PEP) subsystem accepts compressed pages from DRAM and renders them to 
bi-level dots for a given print line destined for a printhead interface that communicates directly with up to 
| 2 segments of a bi-lithic printhead. 

The first stage of the page expansion pipeline is the CDU, LBD and TE. The CDU expands the JPEG-com- 
pressed contone (typically CMYK) layer, the LBD expands the compressed bi-level layer (typically K), 
and the TE encodes Netpage tags for later rendering (typically in IR or K ink). The output from the first 
stage is a set of buffers: the CFU, SFU, and TFU. The CFU and SFU buffers are implemented in DRAM. 
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The second stage is the HCU, which dithers the contone layer, and composites position tags and the bi- 
level spotO layer over the resulting bi-level dithered layer. A number of options exist for the way in which 
compositing occurs. Up to 6 channels of bi-level data are produced from this stage. Note that not all 6 
channels may be present on the printhead. For example, the printhead may be CMY only, with K pushed 
into the CMY channels and IR ignored Alternatively, the position tags may be printed in K if IR ink is not 
available (or for testing purposes). 

The third stage (DNC) compensates for dead nozzles in the printhead by color redundancy and error dif- 
fusing dead nozzle data into surrounding dots. 

The resultant bi-level 6 channel dot-data (typically CMYK-IRF) is buffered and written out to a set of line 
buffers stored in DRAM via the DWU. 

Finally, the dot-data is loaded back from DRAM, and passed to the printhead interface via a dot FIFO. The 
dot FIFO accepts data from the LLU at the system clock rate (pclk), while the PHI removes data from the 
| FIFO and sends it to the printhead at a rate of 2/3 times the system clock rate (see Section 9.1). 
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9.3 SoPEC Block Description 

Looking at Figure 13, the various units are described here in summary form: 



Table 9. Units within SoPEC 




ORAM 


DIU 


ORAM interface unit 


Provides the Interface for DRAM read and write access 
for the various SoPtc units, CPU ana tne SCB block. 
The DIU provides arbitration between competing units 
controls DRAM access. 




ORAM 


Embedded DRAM 


20Mbits of embedded DRAM. 


CPU 


CPU 


Central Processing Unit 


CPU for system configuration and control 




MMU 


Memory Management Unit 


Limits access to certain memory address areas in CPU 
user mode 




ROU 


Real-time Debug Unit 


Facilitates the observation of the contents of most of the 
CPU addressable registers In SoPEC In addition to 
some pseudo-registers In realtime. 




TIM 


General Timer 


Contains watchdog and general system timers 




LSS 


Low Speed Serial Interfaces 


Low level controller for interfacing wfth the OA chips 




GPIO 


General Purpose lOs 


General IO controller, with built-in Motor control unit, 
LED pulse units and de-glitch circuitry 




ROM 


Boot ROM 


16 KBytes of System Boot ROM code 




ICU 


Interrupt Controller Unit 


General Purpose interrupt controller with configurable 
priority, and masking. 




CPR 


Clock. Power and Reset 
block 


Central Unit for controlling and generating the system 
clocks and resets and powerdown mechanisms 




PSS 


Power Save Storage 


Storage retained while system is powered down 




USB 


Universal Serial Bus Device 


USB device controller for interlacing wrth the Host USB. 




ISI 


Inter-SoPEC Interface 


' ISI controller for data and control communication with 
other SoPEC's In a multi-SoPEC system 




SCB 


Serial Communication Block 


Contains both the USB and ISI blocks. 
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Table 9. Units within SoPEC 













|8a 










Print Engine 
(PEP) 


PCU 


PER controller 


Provtdes external CPU with the means to read and write 

PPP t Irtlt rACiifttArs nnri rtktkfi flnri wrlfn ORAM in <iinfilA 

32-blt chunks. 




CDU 


Contone decoder unit 


Expands JPEG compressed contone layer and writes 
decompressed contone to DRAM 




CFU 


Con tone FIFO Unit 


Provides line buffering between CDU and HCU 




LBD 


Lossless BMevel Decoder 


Expands compressed bMevel layer. 




SRJ 


Spot FIFO Unit 


Provides line buffering between LBD and HCU 




TE 


Tag encoder 


Encodes tag data into line of tag dots. 




TFU 


Tag FIFO Unit 


Provides tag data storage between TE and HCU 




HCU 


Halftoner compositor unit 


Dithers contone layer and composites the bMevel spot 0 
and position tag dots. 




DNC 


Dead Nozzle Compensator 


Compensates for dead nozzles by color redundancy and 
error diffusing dead nozzle data Into surrounding dots. 




DWU 


Dotline Writer Unit 


Writes out the 6 channels of dot data for a given Printline 
to the line store DRAM 




LLU 


Line Loader Unit 


Reads the expanded page image from line store, format- 
ting the data appropriately for the bi-lithic printhead. 




PHI 


PrintHead Interface 


Is responsible for sending dot data' to the bWithtc print- 
heads and tor providing line synchronization between 
multiple SoPECs. Also provides test interface to print- 
head such as temperature monitoring and Dead Nozzle 
Identification. 



9.4 Addressing scheme in SoPEC 

SoPEC must address 

• 20 Mbit DRAM. 

• PCU addressed registers in PEP. 

• CPU-subsystem addressed registers. 

SoPEC has a unified address space with the CPU capable of addressing all CPU-subsystem and PCU-bus 
accessible registers (in PEP) and all locations in DRAM. The CPU generates byte-aligned addresses for 
the whole of SoPEC. 

22 bits are sufficient to byte address the whole SoPEC address space. 

9.4.1 DRAM addressing scheme 

The embedded DRAM is composed of 256-bit words. However the CPU-subsystem may need to write 
individual bytes of DRAM. Therefore it was decided to make the DIU byte addressable. 22 bits are 
required to byte address 20 Mbits of DRAM. 

Most blocks read or write 256-bit words of DRAM. Therefore only the top 17 bits i.e. bits 21 to 5 are 
required to address 256-bit word aligned locations. 

The exceptions are 

• CDU which can write 64-bits so only the top 1 9 address bits i.e. bits 2 1 -3 are required. . 

• The CPU-subsystem always generates a 22-bit byte-aligned DIU address but it will send flags to the 
DIU indicating whether it is an 8, 16 or 32-bit write. 
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All DIU accesses must be within the same 256-bit aligned DRAM word 

9.4.2 PEP Unit DRAM addressing 

PEP Unit configuration registers which specify DRAM locations should specify. 256-bit aligned DRAM 
addresses i.e. using address bits 21:5. Legacy blocks from PEC I e.g. the LBD and TE may need to specify 
64-bit aligned DRAM addresses if these reused blocks DRAM addressing is difficult to modify. These 64- 
bit aligned addresses require address bits 21:3. However, these 64-bit aligned addresses should be pro- 
grammed to start at a 256-bit DRAM word boundary. 

Unlike PEC1 , there are no constraints in SoPEC on data organization in DRAM except that all data struc- 
tures must start on a 256-bit DRAM boundary. If data stored is not a multiple of 256-bits then the last word 
should be padded 



9.4.3 CPU-bus addressed registers 

The CPU-bus supports 32-bit word aligned read and write accesses with variable access timings. See sec- 
tion 1 1.4 for more details of the access protocol used on this bus. The CPU-bus does not currently support 
byte reads and writes but this can be added at a later date if required by imported IP. 

9.4.4 PCU addressed registers in PEP 

The PCU only supports 32-bit register reads and writes for the PEP blocks. As the PEP blocks only occupy 
a subsection of the overall address map and the PCU is explicitly selected by the MMU when a PEP block 
is being accessed the PCU does not need to perform a decode of the higher-order address bits. See 
Table 1 1 for the PEP subsystem address map. 
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9.5 SoPEC Memory Map 

9.5.1 Main memory map 

The system wide memory map is shown in Figure 14 below. The memory map is discussed in detail in 
Section 1 1 Central Processing Unit (CPU). 



Accesses in this 
area are not 
allowed and 
result in a bus 
error exception. 



Accesses in this 
area are via the 
CPU bus and are 
controlled by 
permissions set in ' 
each peripheral. 



Accesses in this 
area are via the 
DIU bus and are 
controlled by 
permissions set tn\ 
the MMU. 




OxFFFF_FFFF 



PCU Mapped Registers 



Peripheral Registers 



ROM 



DRAM 



0x0O2A_COO0 
Ox002A_0000 
0x0029.0000 
0x0028.0000 




DRAM 
Regions 



0x0000.0000 



Figure 14. Proposed SoPEC CPU memory map (not to scale) 

9.5.2 CPU-bus peripherals address map 

The address mapping for the peripherals attached to the CPU-bus is shown in Table 10 below. The MMU 
performs the decode of cpu_adr[2I:12] to generate the relevant cpujblock select signal for each block. 
The addressed blocks decode however many of the lower order bits of cpu_adr [1 1 :2J are required to 
address all the registers within the block. 

Table 1 0, CPU-bus peripherals address map 



MMU.base 


0x0029.0000 


TIM.base 


0x0029.1000 


LSS.base 


0x0029.2000 


GPJO_base 


0x0029.3000 


SCB.base 


0x0029.4000 
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Table 10. CPU-bus peripherals address map 







ICU.baee 


0x0029_5000 


CPR.base 


0x0029.6000 


ROM.base 


0x0029.7000 


DIU.base 


0x0029.8000 


PSS_base 


0x0029.9000 


Reserved 


0xOO29_A000 to 0x0029_FFFF 


PCU_base 


OX002A.O0OO to 0x002A_BFFF 



9.5.3 PCU Mapped Registers (PEP blocks) address map 

The PEP blocks are addressed via the PCU. From Figure 14, the PCU mapped registers are in the range 
Ox002A.OOOO to 0xO02A_BFFF. From Table 1 1 it can be seen that there are 1 2 sub-blocks within the PCU 
address space. Therefore, only four bits are necessary to address each of the sub-blocks within the PEP 
part of SoPEC. A further 1 2 bits may be used to address any configurable register within a PEP block. This 
gives scope for 1024 configurable registers per sub-block (the PCU mapped registers are all 32-bit 
addressed registers so the upper 10 bits are required to individually address them). This address will come 
either from the CPU or from a command stored in DRAM. The bus is assembled as follows: 

• address [1 5:12] = sub-block address, 

• address[n:2] » register address within sub-block, only the number of bits required to decode the regis- 
ters within each sub-block are used, 

• address[l :0] « byte address, unused as PCU mapped registers are all 32-bit addressed registers. 

So for the case of the HCU, its addresses range from 0x7000 to 0x7FFF within the PEP subsystem or from 
0x002A_7000 to Ox002AJ7FFFF in the overall system. 



Table 11. PEP blocks address map 





PClLbase 


0xOO2A_OOG0 


CDU.base 


0X002A.1000 


CFU.base 


OX002A.2000 


LBO.base 


Ox002A_3000 


SFU.base 


Ox0O2A_4000 


TE.base 


0XOO2A.5000 


TFU_base 


Ox002A_6000 


HCU.base j 


OX002A.7000 


DNC.base 


0x002A.S000 


DWU.base 


0x002A_9000 


LLU.base \ 


0X0O2A.A000 


PHLbaae 


0x002A_B000 to 0x002A_BFFF 
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9.6 Buffer management in SoPEC 

As outlined in Section 9.1, SoPEC has a requirement to print 1 side every 2 seconds i.e. 30 sides per 
minute. 

9.6.1 Page buffering 

Approximately 2 Mbytes of DRAM are reserved for compressed page buffering in SoPEC. If a page is 
compressed to fit within 2 Mbyte then a complete page can be transferred to DRAM before printing. How- 
ever, the time to transfer 2 Mbyte using USB 1.1 is approximately 2 seconds. The worst case cycle time to 
print a page then approaches 4 seconds. This reduces the worst-case print speed to 15 pages per minute. 



9.6.2 Band buffering 

The SoPEC page-expansion blocks support the notion of page banding. The page can be divided into 
bands and another band can be sent down to SoPEC while we are printing the current band. 

Therefore we can start printing once at least one band has been downloaded. 

The band size granularity should be carefully chosen to allow efficient use of the USB bandwidth and 
DRAM buffer space. It should be small enough to allow seamless 30 sides per minute printing but not so 
small as to introduce excessive CPU overhead in orchestrating the data transfer and parsing the band head- 
ers. Band-finish interrupts have been provided to notify the CPU of free buffer space. It is likely that the 
Host PC will supervise the band transfer and buffer management instead of the SoPEC CPU. 

If SoPEC starts printing before the complete page has been transferred to memory there is a risk of a buffer 
underrun occurring if subsequent bands are not transferred to SoPEC in time e.g. due to insufficient USB 
bandwidth caused by another USB peripheral consuming USB bandwidth. A buffer underrun occurs if a 
line synchronisation pulse is received before a line of data has been transferred to the printhead and causes 
the print job to fail at that line. If there is no risk of buffer underrun then printing can safely start once at 
least one band has been downloaded. 

If there is a risk of a buffer underrun occurring due to an interruption of compressed page data transfer, 
then the safest approach is to only start printing once we have loaded up the data for a complete page. This 
means that a worst case latency in the region of 2 seconds (with USB1.1) will be incurred before printing 
the first page. Subsequent pages will take 2 seconds to print giving us the required sustained printing rate 
of 30 sides per minute. 

A Storage SoPEC (Section 7.2.5) could be added to the system to provide guaranteed bandwidth da t a 
delivery. The print system could also be constructed using an ISI-Bridge chip (Section 7.2.6) to provide 
guaranteed data delivery. 

The most efficient page banding strategy is likely to be determined on a per page/ print job basis and so 
SoPEC will support the use of bands of any size. 
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10 SoPEC Use Cases 



10.1 Introduction 

This chapter is intended to give an overview of a representative set of scenarios or use cases which SoPEC 
can perform, SoPEC is by no means restricted to the particular use cases described here. 

In this chapter we discuss SoPEC use cases under four headings: 

1) Normal operation use cases. 

2) Security use cases. 

3) Miscellaneous use cases. 

4) Failure mode use cases. 

Use cases for both single and multi-SoPEC systems are outlined. 
Some tasks may be composed of a number of sub-tasks. 

The realtime requirements for SoPEC software tasks are discussed in "Central Processing Unit (CPU)" 
under Section 1 1.3 Realtime requirements. 

10.2 Normal operation in a single SoPEC System with USB Host connection 

SoPEC operation is broken up into a number of sections which are outlined below. Buffer management in 
a SoPEC system is normally performed by the Host. 

10.2.1 Powerup 

Powerup describes SoPEC initialisation following an external reset or the watchdog timer system reset. 
A typical powerup sequence is: 

1) Execute reset sequence for complete SoPEC. 

2) CPU boot from ROM. 

3) Basic configuration of CPU peripherals, SCB and DIU. DRAM initialisation. USB Wakeup. 

4) Download and authentication of program (see Section 10.5.2). 

5) Store reusable authentication results in Power-Safe Storage (PSS). 

6) Execution of program from DRAM. 

7) Retrieve operating parameters from PRINTER^QA and authenticate operating parameters. 

8) Download and authenticate any further datasets. 

10.2.2 USB wakeup 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
(chapter 16). Normally the CPU sub-system and the DRAM will be put in sleep mode but the SCB and 
power-safe storage (PSS) will still be enabled. 

Wakeup describes SoPEC recovery from sleep mode with the SCB and power-safe storage (PSS) still 
enabled. In a single SoPEC system, wakeup can be initiated following a USB reset from the SCB. 
A typical USB wakeup sequence is: 

1) Execute reset sequence for sections of SoPEC in sleep mode. 

2) CPU boot from ROM, if CPU-subsystem was in sleep mode. 

3) Basic configuration of CPU peripherals and DIU, and DRAM initialisation, if required. 
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4) Download and authentication of program using results in Power-Safe Storage (PSS) (see Section 
10.5.2). 

5) Execution of program from DRAM. 

6) Retrieve operating parameters from PRINTERJJA and authenticate operating parameters. 

7) Download and authenticate using results in PSS of any further datasets (programs). 

10.2.3 Print Initialization 

This sequence is typically performed at the start of a print job following powerup or wakeup: 

1) Check amount of ink remaining via QA chips. 

2) Download static data e.g. dither matrices, dead nozzle tables from Host to DRAM. 

3) Check printhead temperature, if required, and configure printhead with firing pulse profile etc. 
accordingly. 

4) Initiate printhead pre-heat sequence, if required. 

10.2.4 First page download 

Buffer management in a SoPEC system is normally performed by the Host. 
First page, first band download and processing: 

1) the Host communicates to the SoPEC CPU over the USB to check that DRAM space remaining is 
sufficient to download the first band. 

2) The Host downloads the first band (with the page header) to DRAM. 

3) When the complete page header has been downloaded the SoPEC CPU processes the page header, 
calculates PEP register commands and writes directly to PEP registers or to DRAM. 

4) If PEP register commands have been written to DRAM, execute PEP commands from DRAM via 
PCU. 

Remaining bands download and processing: 

1 ) Check DRAM space remaining is sufficient to download the next band. 

2) Download the next band with the band header to DRAM. 

3) When the complete band header has been downloaded, process the band header according to 
whichever band-related register updating mechanism is being used. 

10.2.5 Start printing 

1) Wait until at least one band of the first page has been downloaded. 

One approach is to only start printing once we have loaded up the data for a complete page. If we 
start printing before the complete page has been transferred to memory we run the risk of a buffer 
underrun occurring because compressed page data was not transferred to SoPEC in time e.g. due to 
insufficient USB bandwidth caused by another USB peripheral consuming USB bandwidth. 

2) Start all the PEP Units by writing to their Go registers, via PCU commands executed from DRAM 
or direct CPU writes. A rapid startup order for the PEP units is outlined in Table 1 2. 



Table 12. Typical PEP Unit startup order for printing a page. 







1 


DNC ■ 


2 


DWU 


3 


HCU 
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Table 12. Typical PEP Unit startup order for printing a page. 



PHI 



LLU 



CFU, SFU.TFU 



CDU 



TE. LBO 



3) Print ready interrupt occurs (from PHI), 

4) Start motor control, if first page, otherwise feed the next page. This step could occur before the print 
ready interrupt. 

5) Drive LEDs, monitor paper status. 
Wait for page alignment via page sensor(s) GPIO interrupt. 

CPU instructs PHI to start producing line syncs and hence commence printing, or wait for an exter- 
nal device to produce line syncs. 
8) Continue to download bands and process page and band headers for next page. 



6) 
7) 



10.2.6 Next page(s) download 

As for first page download, performed during printing of current page. 

10.2.7 Between bands 

When the finished band flags are asserted band related registers in the CDU, LBD, TE need to be re-pro- 
grammed before the subsequent band can be printed This can be via PCU commands from DRAM. Typi- 
cally only 3-5 commands per decompression unit need to be executed. These registers can also be 
reprogrammed directly by the CPU or most likely by updating from shadow registers. The finished band 
flag interrupts the CPU to tell the CPU that the area of memory associated with the band is now free. 

10.2.8 During page print 

Typically during page printing ink usage is communicated to the QA chips. 

1) Calculate ink printed (from PHI). 

2) Decrement ink remaining (via QA chips). 

3) Check amount of ink remaining (via Q A chips). This operation may be better performed while the 
page is being printed rather than at the end of the page. 

10.2.9 Page finish 

These operations are typically performed when the page is finished: 

1) Page finished interrupt occurs from PHI. 

2) Shutdown the PEP blocks by de-asserting their Go registers. A typical shutdown order is denned in 
Table 13. This will set the PEP Unit state-machines to their idle states without resetting their config- 
uration registers. 

3) Communicate ink usage to QA chips, if required. 
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Table 13. End of page shutdown order for PEP Units (TBD). 



SPSS 




1 


PHI (will shutdown by itself In the normal case at the end of a page) 


2 


DWU (shutting this down stalls the DNC and therefore the HCU and above) 


3 


LLU (should already be halted due to PHI at end of last line of page) 


4 


TE (this is the only dot supplier likely to be running, halted by the HCU) 


5 


CDU (this is likely to already be halted due to end of contone band) 


6 


CFU. SFU, TFU, LBD (order unimportant, and should already be halted due to end of 
band) 


7 


HCU. DNC (order unimportant, should already have hatted) 



10.2.10 Start of next page 

These operations are typically performed before printing the next page: 

1) Re-program the PEP Units via PCU command processing from DRAM based on page header. 

2) Go to Start printing. 



1 0,2.1 1 End of document 

1) Stop motor control. 



10.2.12 Powerdown 

In this mode SoPEC is no longer powered. 

1) Instruct Host PC via USB that SoPEC is about to power down. 

10.2.13 Sleep 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
described in Section 16. 

1) Instruct Host PC via USB that SoPEC is about to sleep. 

2) Put SoPEC into defined sleep mode. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 49 



SoPEC : Hardware Design 




10.3 Normal operation in a Multi-SoPEC System - ISIMaster SoPEC 

In a multi-SoPEC system the Host generally manages program and compressed page download to all the 
SoPECs. Inter-SoPEC communication is over the ISI link which will add a latency. 

In the case of a multi-SoPEC system with a USB 1.1 connection, the SoPEC with the USB connection is 
the ISIMaster. The ISI-bridge chip is the ISIMaster in the case of an ISI-Bridge SoPEC configuration. 

In a multi-SoPEC system one of the SoPECs will be the PrintMaster. This SoPEC must manage and con- 
trol sensors and actuators e.g. motor control. These sensors and actuators could be distributed over all the 
SoPECs in the system. An ISIMaster SoPEC may also be the PrintMaster SoPEC. 

In a multi-SoPEC system each printing SoPEC will generally have its own PRINTER^QA chip (or at least 
access to a PRINTER_QA chip that contains the SoPECs SOPECJdJcey) to validate operating parame- 
ters and ink usage. The results of these operations may be communicated to the PrintMaster SoPEC. 
In general the ISIMaster may need to be able to: 

• Send messages to the ISISlaves which will cause the ISISlaves to send their status to the ISIMaster. 

• Instruct the ISISlaves to perform certain operations. 

As the ISI is an insecure interface commands issued over the ISI are regarded as user mode commands. 
Supervisor mode code running on the SoPEC CPUs will allow or disallow these commands. The software 
protocol needs to be constructed with this in mind. 

Existing requirements indicate that it is sufficient for the ISIMaster to initiate all communication with the 
ISISlaves. 

SoPEC operation is broken up into a number of sections which are outlined below. 

10.3.1 Powerup 

Powerup describes SoPEC initialisation following an external reset or the watchdog timer system reset. 

1) Execute reset sequence for complete SoPEC. 

2) CPU boot from ROM. 

3) Basic configuration of CPU peripherals, SCB and DIU. DRAM initialisation USB Wakeup 

4) SoPEC identification by activity on USB end-points 2-4 indicates it is the ISIMaster. 

5) Download and authentication of program (see Section 10.5.3). 

6) Store reusable cryptographic results in Power-Safe Storage (PSS). 

7) Execution of program from DRAM. 

8) Retrieve operating parameters from PRINTER_QA and authenticate operating parameters. 

9) Download and authenticate any further datasets (programs). 

1 0) The initial dataset may be broadcast to all the ISISlaves. 

1 1) ISIMaster master SoPEC then waits for a short time to allow the authentication to take place on the 
ISISlave SoPECs. 

12) Each ISISlave SoPEC is polled for the result of its program code authentication process. 

13) If all ISISlaves report successful authentication the OEM code module can be distributed and 
authenticated. OEM could will most likely reside on one SoPEC. 

10.3.2 USB wakeup 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
[16]. Normally the CPU sub-system and the DRAM will be put in sleep mode but the SCB and power-safe 
storage (PSS) will still be enabled 
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Wakeup describes SoPEC recovery from sleep mode with the SCB and power-safe storage (PSS) still 
enabled. For an ISIMaster SoPEC, wakeup can be initiated following a USB reset from the SCB. 

A typical USB wakeup sequence is: 

1 ) Execute reset sequence for sections of SoPEC in sleep mode. 

2) CPU boot from ROM, if CPU-subsystem was in sleep mode. 

3) Basic configuration of CPU peripherals and DIU, and DRAM initialisation, if required. 

4) SoPEC identification by activity on USB end-points 2-4 indicates it is the ISIMaster. 

5) Download and authentication of program using results in Power-Safe Storage (PSS) (see Section 
10.5.3). 

6) Execution of program from DRAM. 

7) Retrieve operating parameters from PRINTER^QA and authenticate operating parameters. 

8) Download and authenticate any further datasets (programs) using results in Power-Safe Storage 
(PSS) (see Section 10.5.3). 

9) Following steps as per Powerup. 



10.3.3 Print initialization 

This sequence is typically performed at the start of a print job following powerup or wakeup: 

1) Check amount of ink remaining via QA chips which may be present on a ISISlave SoPEC. 

2) Download static data e.g. dither matrices, dead nozzle tables from Host to DRAM. 

3) Check printhead temperature, if required, and configure printhead with firing pulse profile etc. 
accordingly. Instruct ISISlaves to also perform this operation. 

4) Initiate printhead pre-heat sequence, if required. Instruct ISISlaves to also perform this operation 

10.3.4 First page download 

Buffer management in a SoPEC system is normally performed by the Host. 

1) The Host communicates to the SoPEC CPU over the USB to check that DRAM space remaining is 
sufficient to download the first band. 

2) The Host downloads the first band (with the page header) to DRAM. 

3) When the complete page header has been downloaded the SoPEC CPU processes the page header, 
calculates PEP register commands and write directly to PEP registers or to DRAM. 

4) If PEP register commands have been written to DRAM, execute PEP commands from DRAM via 
PCU. 

Poll ISISlaves for DRAM status and download compressed data to ISISlaves. 

Remaining first page bands download and processing: 

1 ) Check DRAM space remaining is sufficient to download the next band. 

2) Download the next band with the band header to DRAM. 

3) When the complete band header has been downloaded, process the band header according to 
whichever band-related register updating mechanism is being used 

Poll ISISlaves for DRAM status and download compressed data to ISISlaves. 

10.3.5 Start printing 

1) Wait until at least one band of the first page has been downloaded. 

2) Start all the PEP Units by writing to their Go registers, via PCU commands executed from DRAM 
or direct CPU writes, in the suggested order defined in Table 1 2. 

3) Print ready interrupt occurs (from PHI). Poll ISISlaves until print ready interrupt. 
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4) Start motor control (which may be on an ISISlaves SoPEC), if first page, otherwise feed the next 
page. This step could occur before the print ready interrupt. 

5) Drive LEDS, monitor paper status (which may be on an ISISlaves SoPEC). 

6) Wait for page alignment via page sensors) GPIO interrupt (which may be on an ISISlaves SoPEC). 

7) CPU instructs PHI to start producing master line syncs, or wait for an external device to produce 
line syncs. 

8) Continue to download bands and process page and band headers for next page. 

10.3.6 Next page(s) download 

As for first page download, performed during printing of current page. 

10.3.7 Between bands 

When the finished band flags are asserted band related registers in the CDU, LBD and TE need to be re- 
programmed. This can be via PCU commands from DRAM. Typically only 3-5 commands per decom- 
pression unit need to be executed. These registers can also be reprogrammed directly by the CPU or by 
updating from shadow registers. The finished band flag interrupts to the CPU, tell the CPU that the area of 
memory associated with the band is now free. 

10.3.8 During page print 

Typically during page printing ink usage is communicated to the QA chips. 

1) Calculate ink printed (from PHI)- 

2) Decrement ink remaining (via QA chips). 

3) Check amount of ink remaining (via QA chips). This operation may be better performed while the' 
page is being printed rather than at the end of the page. 



10.3.9 Page finish 

These operations are typically performed when the page is finished: 

1) Page finished interrupt occurs from PHI. Poll ISISlaves for page finished interrupts. 

2) Shutdown the PEP blocks by de-asserting their Go registers in the suggested order in Table 13. This 
will set the PEP Unit state-machines to their startup states. 

3) Communicate ink usage to QA chips, if required. 



10.3.10 Start of next page 

These operations are typically performed before printing the next page: 

1) Re-program the PEP Units via PCU command processing from DRAM based on page header. 

2) Go to Start printing. 



10.3.11 End of document 

I) Stop motor control. This may be on an ISISlave SoPEC. 

10.3.12 Powerdown 

In this mode SoPEC is no longer powered. 

1) Instruct Host PC via USB that SoPEC system is about to power down. 

2) Instruct ISISlave SoPECs to powerdown. 

3) Powerdown ISIMaster SoPEC. 
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10.3.13 Sleep 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
[16]. 

1) Instruct Host PC via USB which parts of SoPEC system are about to sleep. 

2) Put defined SoPECs into defined sleep modes. 
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10.4 Normal operation in a Multi-SoPEC System - ISISlave SoPEC 

This section the outline typical operation of an ISISlave SoPEC in a multi-SoPEC system. The ISIMaster 
can be another SoPEC or an ISI-Bridge chip. The ISISlave communicates with the Host via the ISIMaster. 
Buffer management in a SoPEC system is normally performed by the Host. 

10.4.1 Powerup 

Powerup describes SoPEC initialisation following an external reset or the watchdog timer system reset. 

A typical powerup sequence is: 

1) Execute reset sequence for complete SoPEC. 

2) CPU boot from ROM. 

3) Basic configuration of CPU peripherals, SCB and DIU, DRAM initialisation. 

4) Download and authentication of program (see Section 10.5.3). 

5) Store reusable cryptographic results in Power-Safe Storage (PSS). 

6) Execution of program from DRAM. 

7) Retrieve operating parameters from PRINTER^QA and authenticate operating parameters. 

8) SoPEC identification by sampling GPIO pins to determine ISIId. Communicate ISIId to ISIMaster. 

9) Download and authenticate any further dasasets. 

10.4.2 ISI wakeup 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
[16]. Normally the CPU sub-system and the DRAM will be put in sleep mode but the SCB and power-safe 
storage (PSS) will still be enabled. 

Wakeup describes SoPEC recovery from sleep mode with the SCB and power-safe storage (PSS) still 
enabled In an ISISlave SoPEC, wakeup can be initiated following an ISI reset from the SCB. 

A typical ISI wakeup sequence is: 

1 ) Execute reset sequence for sections of SoPEC in sleep mode. 

2) CPU boot from ROM, if CPU-subsystem was in sleep mode. 

. 3) Basic configuration of CPU peripherals and DIU, and DRAM initialisation, if required. 

4) Download and authentication of program using results in Power-Safe Storage (PSS) (see Section 
10.5.3). 

5) Execution of program from DRAM. 

6) Retrieve operating parameters from PRINTER_QA and authenticate operating parameters. 

7) SoPEC identification by sampling GPIO pins to determine ISIId. Communicate ISIId to ISIMaster. 

8) Download and authenticate any further datasets. 

10.4.3 Print Initialization 

This sequence is typically performed at the start of a print job following powerup or wakeup: 

1) Check amount of ink remaining via QA chips. 

2) Download static data e.g. dither matrices, dead nozzle tables from ISIMaster to DRAM. 

3) Check printhead temperature, if required, and configure printhead with firing pulse profile etc. 
accordingly. 

4) Initiate printhead pre-heat sequence, if required. 
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10.4.4 First page download 

Buffer management in a SoPEC system is normally performed by the Host via the ISIMaster. 

1) Check DRAM space remaining is sufficient to download the first band 

2) The Host downloads the first band (with the page header) to DRAM via the ISIMaster. 

3) When the complete page header has been downloaded, process the page header, calculate PEP reg- 
ister commands and write directly to PEP registers or to DRAM. 

4) If PEP register commands have been written to DRAM, execute PEP commands from DRAM via 
PCU. 

Remaining first page bands download and processing: 

1 ) Check DRAM space remaining is sufficient to download the next band 

2) The Host downloads the first band (with the page header) to DRAM via the ISIMaster. 

3) When the complete band header has been downloaded, process the band header according to 
whichever band-related register updating mechanism is being used. 

10.4.5 Start printing 

1) Wait until at least one band of the first page has been downloaded 

2) Start all the PEP Units by writing to their Co registers, via PCU commands executed from DRAM 
or direct CPU writes, in the order defined in Table 1 2. 

3) Print ready interrupt occurs (from PHI). Communicate to ISIMaster via ISI link. 

4) Start motor control, if attached to this ISISIave, when requested by ISIMaster, if first page, other- 
wise feed next page. This step could occur before the print ready interrupt 

5) Drive LEDS, monitor paper status, if on this ISISIave SoPEC, when requested by ISIMaster 

6) Wait for page alignment via page sensor(s) GPIO interrupt, if on this ISISIave SoPEC, and send to 
ISIMaster. 

7) Wait for line sync and commence printing. 

8) Continue to download bands and process page and band headers for next page. 

10.4.6 Next page(s) download 

As for first band download, performed during printing of current page. 

10.4.7 Between bands 

When the finished band flags are asserted band related registers in the CDU, LBD and TE need to be re- 
programmed This can be via PCU commands from DRAM. Typically only 3-5 commands per decom- 
pression unit need to be executed These registers can also be reprogrammed directly by the CPU or by 
updating from shadow registers. The finished band flag interrupts to the CPU tell the CPU that the area of 
memory associated with the band is now free. 

10.4.8 During page print 

Typically during page printing ink usage is communicated to the QA chips. 

1) Calculate ink printed (from PHI). 

2) Decrement ink remaining (via QA chips). 

3) Check amount of ink remaining (via QA chips). This operation may be better performed while the 
page is being printed rather than at the end of the page. 
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10.4.9 Page finish 



These 
I) 
2) 



operations are typically performed when the page is finished: 

Page finished interrupt occurs from PHI. Communicate page finished interrupt to ISIMaster. 
Shutdown the PEP blocks by de-asserting their Go registers in the suggested order in Table 13. This 
will set the PEP Unit state-machines to their startup states. 
Communicate ink usage to QA chips, if required. 



3) 



10.4.10 Start of next page 



These operations are typically performed before printing the next page: 

1) Re-program the PEP Units via PCU command processing from DRAM based on page header. 

2) Go to Start printing. 



10.4.11 End of document 

Stop motor control, if attached to this ISISlave, when requested by ISIMaster. 

10.4.12 Powerdown 

In this mode SoPEC is no longer powered. 

1) Powerdown ISISlave SoPEC when instructed by ISIMaster. 

10.4.13 Sleep 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 



[16]. 



I) Put SoPEC into defined sleep modes. 
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10.5 Security Use Cases 

Please see the 'SoPEC Security Overview* [9] document for a more complete description of SoPEC secu- 
rity issues. The SoPEC boot operation is described in the ROM chapter of the SoPEC hardware design 
specification, Section 17.2. 

10.5.1 Communication with the OA chips 

Communication between SoPEC and the QA chips (i.e. INK_QA and PRJNTER_QA) will'take place on 
at least a per power cycle and per page basis. Communication with the QA chips has three principal pur- 
poses: validating the presence of genuine QA chips (i.e the printer is using approved consumables), valida- 
tion of the amount of ink remaining in the cartridge and authenticating the operating parameters for the 
printer. After each page has been printed, SoPEC is expected to communicate the number of dots fired per 
ink plane to the QA chipset. SoPEC may also initiate decoy communications with the QA chips from time 
to time. 

Process: 

• When validating ink consumption SoPEC is expected to principally act as a conduit between the 
PRTNTER_QA and INK_QA chips and to take certain actions (basically enable or disable printing and 
report status to Host PC) based on the result The communication channels are insecure but all traffic is 
signed to guarantee authenticity. 

Known Weaknesses 

• All communication to the QA chips is over the LSS interfaces using a serial communication protocol. 
This is open to observation and so the communication protocol could be reverse engineered. In this 
case both the PRINTER_QA and INK^QA chips could be replaced by impostor devices (e.g. a single 
FPGA) that successfully emulated the communication protocol. As this would require physical modifi- 
cation of each printer this is considered to be an acceptably low risk. Any messages that are not signed 
by one of the symmetric keys (such as the SoPEC Jdjcey) could be reverse engineered. The imposter 
device must also have access to the appropriate keys to crack the system. 

• If the secret keys in the QA chips are exposed or cracked then the system, or parts of it, is compro- 
mised. 

Assumptions: 

[13 The QA chips are not involved in the authentication of downloaded SoPEC code 

[2 ] The QA chip in the ink cartridge (INK_QA) does not directly affect the operation of the cartridge in 

any way i.e. it does not inhibit the flow of ink etc. 
[3] The INK_QA and PRINTER^QA chips are identical in their virgin state. They only become a 

INKJ3A or PRINTER_QA after their FlashROM has been programmed. 



10.5.2 Authentication of downloaded code in a single SoPEC system 
Process: 

1) SoPEC identification by activity on USB end-points 2-4 indicates it is the ISIMaster. 

2) The program is downloaded to the embedded DRAM. 

3) the CPU calculates a SHA-1 hash digest of the downloaded program. 

4) The ResetSrc register in the CPR block is read to determine whether or not a power-on reset 
occurred. 

5) If a power-on reset occurred the signature of the downloaded code (which needs to be in a known 
location such as the first or last N bytes of the downloaded code) is decrypted using the Silverbrook 
public bootOkey stored in ROM. This decrypted signature is the expected SHA-1 hash of the 
accompanying program. The encryption algorithm is likely to be a public key algorithm such as 
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RSA. If a power-on reset did not occur then the expected SHA-1 hash is retrieved from the PSS and 
the compute intensive decryption is not required. 

6) The calculated and expected hash values are compared and if they match then the programs authen- 
ticity has been verified. 

7) If the hash values do not match then the Host PC is notified of the failure and software may decide 
to put the SoPEC device into powerdown mode. 

8) If the hash values match then the CPU starts executing the downloaded program. 

9) If, as is very likely, the downloaded program wishes to download subsequent programs (such as 
OEM code) it is responsible for ensuring the authenticity of everything it downloads. The down- 
loaded program may contain public keys that are used to authenticate subsequent downloads, thus 
forming a hierarchy of authentication. The SoPEC ROM does not control these authentications - it 
is solely concerned with verifying that the first program downloaded has come from a trusted 
source. 

10) At some subsequent point OEM code starts executing. The Silverbrook supervisor code acts as an 
O/S to the OEM user mode code. The OEM code must access most SoPEC functionality via system 
calls to the Silverbrook code. 

1 l)The OEM code is expected to perform some simple l tum on the lights* tasks after which the Host 
PC is informed that the printer is ready to print and the Start Printing use case comes into play. 
Known Weaknesses: 

• If the Silverbrook private bootOkey is exposed or cracked then the system is seriously compromised. A 
ROM mask change would be required to reprogram the bootOkey. 

10.5.3 Authentication of downloaded code in a multl-SoPEC system 

10.5.3.1 ISiMaster SoPEC Process: 

1) SoPEC identification by activity on USB end-points 2-4 indicates it is the ISiMaster. 

2) The SCB is configured to broadcast the data received from the Host PC. 

3) The program is downloaded to the embedded DRAM and broadcasted to all ISISlave SoPECs over 
thelSI. 

4) The CPU calculates a SHA-1 hash digest of the downloaded program. 

5) The ResetSrc register in the CPR block is read to determine whether or not a power-on reset 
occurred. 

6) If a power-on reset occurred the signature of the downloaded code (which needs to be in a known 
location such as the first or last N bytes of the downloaded code) is decrypted using the Silverbrook 
public bootOkey stored in ROM. This decrypted signature is the expected SHA-1 hash of the 
accompanying program. The encryption algorithm is likely to be a public key algorithm such as 
RSA. If a power-on reset did not occur then the expected SHA-1 hash is retrieved from the PSS and 
the compute intensive decryption is not required. 

7) The calculated and expected hash values are compared and if they match then the programs authen- 
ticity has been verified. 

8) If the hash values do not match then the Host PC is notified of the failure and software may decide 
to put the SoPEC device into powerdown mode. 

9) If the hash values match then the CPU starts executing the downloaded program. 

1 0) It is likely that the downloaded program will poll each ISISlave SoPEC for the result of its authenti- 
cation process and to determine the number of slaves present, 

1 1) If any slave reports a failed authentication then the ISiMaster communicates this to the Host PC and 
puts itself into powerdown mode. 
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12) If all ISISlaves report successful authentication then the downloaded program is responsible for the 
downloading, authentication and distribution of subsequent programs within the multi-SoPEC sys- 
tem. 

13) At some subsequent point OEM code starts executing. The Silverbrook supervisor code acts as an 
O/S to the OEM user mode code. The OEM code must access most SoPEC functionality via system 
calls to the Silverbrook code. 

14) The OEM code is expected to perform some simple 4 tum on the lights' tasks after which the master 
SoPEC determines that all SoPECs are ready to print. The Host PC is informed that the printer is 
ready to print and the Start Printing use case comes into play. 



1 0.5.3.2 ISISIave SoPEC Process: 

1) When the CPU comes out of reset the SCB should still be in slave mode, and the SCB is already 
configured to receive data from the ISIMaster. 

2) The program is downloaded to embedded DRAM. 

3) The CPU calculates a SHA-1 hash digest of the downloaded program. 

4) The ResetSrc register in the CPR block is read to determine whether or not a power-on reset 
occurred. 

5) If a power-on reset occurred the signature of the downloaded code (which needs to be in a known 
location such as the first or last N bytes of the downloaded code) is decrypted using the Silverbrook 
public bootOkey stored in ROM. This decrypted signature is the expected SHA-1 hash of the 
accompanying program. The encryption algorithm is likely to be a public key algorithm such as 
RSA. If a power-on reset did not occur then the expected SHA-1 hash is retrieved from the PSS and 
the compute intensive decryption is not required. 

6) The calculated and expected hash values are compared and if they match then the programs authen- 
ticity has been verified. 

7) If the hash values do not match, then the ISISIave device will await a new program again, eventu- 
ally timing out and powering down. 

8) If the hash values match then the CPU starts executing the downloaded program. 

9) It is likely that the downloaded program will communicate the result of its authentication process to 
the ISIMaster. The downloaded program is responsible for determining the SoPECs ISIId, receiving 
and authenticating any subsequent programs. 

10) At some subsequent point OEM code starts executing. The Silverbrook supervisor code acts as an 
O/S to the OEM user mode code. The OEM code must access most SoPEC functionality via system 
calls to the Silverbrook code. 

1 1) The OEM code is expected to perform some simple *tum on the lights' tasks after which the master 
SoPEC is informed that this slave is ready to print. The Start Printing use case then comes into play. 

Known Weaknesses 

• If the Silverbrook private bootOkey is exposed or cracked then the system is seriously compromised. 

• ISI is an open interface i.e. messages sent over the ISI are in the clear. The communication channels 
are insecure but all traffic is signed to guarantee authenticity. As all communication over the ISI is con- 
trolled by Supervisor code on both the ISIMaster and ISISIave then this also provides some protection 
against software attacks. 
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10.5.4 Authentication and upgrade of operating parameters for a printer 

The SoPEC IC will be used in a range of printers with different capabilities (e.g. A3/A4 printing, printing 
speed, resolution etc.). It is expected that some printers will also have a software upgrade capability which 
would allow a user to purchase a license that enables an upgrade in their printer's capabilities (such as 
print speed). To facilitate this it must be possible to securely store the operating parameters in the 
PRINTER_QA chip, to securely communicate these parameters to the SoPEC and to securely reprogram 
the parameters in the event of an upgrade. Note that each printing SoPEC (as opposed to a SoPEC that is 
only used for the storage of dam) will have its own PRJNTER^QA chip (or at least access to a 
PRINTER_QA that contains the SoPEC's SoPEC.idJcey). Therefore both ISIMaster and ISISlave 
SoPECs will need to authenticate operating parameters. 

Process: 

1) Program code is downloaded and authenticated as described in sections 10.5.2 and 10.5.3 above. 

2) The program code has a function to create the SoPEC_id_key from the unique SoPEC_id that was 
programmed when the SoPEC was manufactured. 

3) The SoPEC retrieves the signed operating parameters from its PRJNTER^_QA chip. The 
PRINTER_QA chip uses the SoPEC_id_key (which is stored as part of the pairing process exe- 
cuted during printhead assembly manufacture & test) to sign the operating parameters which are 
appended with a random number to thwart replay attacks. 

4) The SoPEC checks the signature of the operating parameters using its SoPEC_id_Jcey. If this signa- 
ture authentication process is successful then the operating parameters are considered valid and the 
overall boot process continues. If not the error is reported to the Host PC. 

5) Operating parameters may also be set or upgraded using a second key, the PrintEngineLicenseJcey, 
which is stored on the PRINTER.QA and used to authenticate the change in operating parameters. 

Known Weaknesses: 

• It may be possible to retrieve the unique SoPEQjd by placing the SoPEC in test mode and scanning it 
out. It is certainly possible to obtain it by reverse engineering the device. Either way the SoPEC_id 
(and by extension the SoPECJd Jcey) so obtained is valid only for that specific SoPEC and so printers 
may only be compromised one at a time by parties with the appropriate specialised equipment. Fur- 
thermore even if the SoPEQjd is compromised, the other keys in the system, which protect the 
authentication of consumables and of program code, are unaffected. 
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10.6 Miscellaneous Use Cases 

There are many miscellaneous use cases such as the following examples. Software running on the SoPEC 
CPU or Host will decide on what actions to take in these scenarios. 

10.6.1 Disconnect / Re-connect of OA chips. 

1 ) Disconnect of a QA chip between documents or if ink runs out mid-document. 

2) Re-connect of a QA chip once authenticated e.g. ink cartridge replacement should allow the system 
to resume and print the next document 

10.6.2 Page arrives before print ready interrupt. 

1) Engage clutch to stop paper until print ready interrupt occurs. 

10.6.3 Dead-nozzle table upgrade 

This sequence is typically performed when dead nozzle information needs to be updated by performing a 
printhead dead nozzle test. 

1) Run printhead nozzle test sequence 

2) Either Host or SoPEC CPU converts dead nozzle information into dead nozzle table. 

3) Store dead nozzle table on Host. 

4) Write dead nozzle table to SoPEC DRAM. 
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10.7 Failure Mode Use Cases 



10.7.1 System errors and security violations 



System errors and security violations are reported to the SoPEC CPU and Host. Software running on the 
SoPEC CPU or Host will then decide what actions to take. 



Silverbrook code authentication failure. 

1) Notify Host PC of authentication failure. 

2) Abort print run. 

OEM code authentication failure. 

1) Notify Host PC of authentication failure. 

2) Abort print run. 

Invalid QA chip(s). 

1) Report to Host PC. 

2) Abort print run. 

MMU security violation interrupt. 

1) This is handled by exception handler. 

2) Report to Host PC 

3) Abort print run. 

Invalid address interrupt from PCU. 

1) This is handled by exception handler. 

2) Report to Host PC. 

3) Abort print run. 

Watchdog timer interrupt. 

1) This is handled by exception handler. 

2) Report to Host PC. 

3) Abort print run. 

Host PC does not acknowledge message that SoPEC is about to power down. 
1) Power down anyway. 

10.7.2 Printing errors 

Printing errors are reported to the SoPEC CPU and Host. Software running on the Host or SoPEC CPU 
will then decide what actions to take. 



Insufficient space available in SoPEC compressed band-store to download a band 
1) Report to the Host PC. 

Insufficient ink to print. 
1) Report to Host PC. 

Page not downloaded in time while printing. 

1) Buffer underrun interrupt will occur. 

2) Report to Host PC and abort print run. 

JPEG decoder error interrupt. 
1) Report to Host PC. 
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11 Central Processing Unit (CPU) 

11.1 Overview 

The CPU block consists of the CPU core, MMU, cache and associated logic. The principal tasks for the 
program running on the CPU to fulfill in the system are: 

Communications: 

• Control the flow of data from the USB interface to the DRAM and ISI 

• Communication with the host via USB or ISI 

• Running the USB device driver 
PEP Subsystem Control: 

• Page and band header processing (may possibly be performed on host PC) 

• Configure printing options on a per band, per page, per job or per power cycle basis 

• Initiate page printing operation in the PEP subsystem 

• Retrieve dead nozzle information from the printhead interface (PHI) and forward to the host PC 

• Select the appropriate firing pulse profile from a set of predefined profiles based on the printhead 
characteristics 

• Retrieve printhead temperature via the PHI 
Security: 

• Authenticate downloaded program code and printer operating parameters 

• Authenticate consumables via the PRINTEIL.QA and INK_QA chips 

• Monitor ink usage 

• Isolation of OEM code from direct access to the system resources 
Other: 

• Drive the printer motors using the GPIO pins 

• Monitoring the status of the printer (paper jam, tray empty etc.) 

• Driving front panel LEDs 

• Perform post-boot initialisation of the SoPEC device 

• Memory management (likely to be in conjunction with the host PC) 

• Miscellaneous housekeeping tasks 

To control the Print Engine Pipeline the CPU is required to provide a level of performance at least equiva- 
lent to a 16-bit Hitachi H8-3664 microcontroller running at 16 MHz. An as yet undetermined amount of 
additional CPU performance is needed to perform the other tasks. The extra performance required is dom- 
inated by the signature verification task and the SCB (including the USB) management task. An operating 
system is not required at present. A number of CPU cores have been evaluated and the LEON PI 754 is 
considered to be the most appropriate solution. A diagram of the CPU block is shown in Figure 15 below. 
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Figure 15. CPU block diagram 
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11.2 Definitions of I/Os 

Table 14. CPU Subsystem t/Os 



Clocks and Resets 



prst_n 



pcfk 



1 



In 



In 



Global reset. Synchronous to pclk, active low. 



Global clock 



CPU to DIU DRAM Interface 



cpu_adr{21:0J 



cpu_dataout[31:0] 



dram_cpu_data[255:0] 



cpu_dlu_rreq 



diu_cpu_rack 



diu_cpu_rvalid 



cpu_diu_wreq 



dnj_cpu_wack 



cpu_diu_wvalid 



cpu_d1u_wmask(1 :0] 



22 



32 



256 



Out 



Out 



In 



Out 



In 



In 



Out 



In 



Out 



Out 



Address bus for both DRAM and peripheral access 



Data out to both DRAM and peripheral devices. This should be 
driven at the same time as the cpu_adrax& request signals. 



Read data from the DRAM 



Read request to the DIU DRAM 



Acknowledge from DIU that read request has been accepted. 



Signal from DIU teUing SoPEC Unit that valid read data is on the 
dram_cpujdata bus 



Write request to the DIU 



Acknowledge from the DIU that the write request has been 
accepted 



Signal from the CPU to the DIU indicating that the data currently on 
the cpu_dataout bus Is valid 



Rag indicating format of CPU write to DRAM 
cpu_diu_wmask = 00: 8-bit write 
cpu_ diu_ wmask = 01: 16-bit write 
cpu_diu_wmask~ 10: 32-bit write 
cpu„diu_wmask= 1 1 : reserved 

cpu_adrf2:01 are driven In accordance with the width of the data 
access indicated by cpu_diu_wmask. Addresses cannot cross a 
256-bit word DRAM boundary. 



CPU to peripheral blocks 



cpu^rwn 



cpu_acode(1:0] 



cpu_cpr_sel 



cpr__cpu_rdy 



cpr_cpu_berr 



cpr_cpu_data(3i :0J 



cpu_gpio_sel 



gpio_cpu_rdy 



gpk)_cpu_berr 



gpk>_cpu_data[3t :0] 



cpu_icu_sel 



lcu_cpu_rdy 



icu_cpu_berr 



icu_cpu_data{31 :0J 



1 



32 



32 



32 



Out 



Out 



Out 



In 



In 



Out 



In 



In 



Out 



In 



In 



In 



Common read/not -write signal from the CPU 



CPU access code signals. 

cpu_acode[0] - Program (0) / Data (1) access 

cpu_acode[1] - User (0) / Supervisor (1) access 



CPR block select. 



Ready signal to the CPU. When cprjcpujrdy is high it indicates the 
last cyde of the access. For a write cycle this means cpujdataout 
has been registered by the CPR block and for a read cyde this 
means the data on cpr^cpu_data is valid. 



CPR bus error signal to the CPU. 



Read data bus from the CPR block 



GPIO block select 



GPIO ready signal to the CPU. 



GPIO bus error signal to the CPU. 



Read data bus from the GPIO block 



ICU block select. 



ICU ready signal to the CPU. 



ICU bus error signal to the CPU. 



Read data bus from the ICU block 
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Table 14. CPU Subsystem l/Os 





m 






cpu_lss_sel 




Out 


LSS block select ~~ — _ 


tss_cpu_rdy 




In 


LSS ready signal to the CPU. 


lss_cpu_berr 




In 


LSS bus error signal to the CPU. 


lss_cpu_data[31:0] 


32 


In 


Read data bus from the LSS block 


cpu_pcu_sel 


1 


Out 


PCU block select 


pcu_cpu_rdy 


1 


In 


PCU readv sionaf tr> th a OPI 1 


pcu_cpu_berr 


■ 1 


In 


PCU bus error filarial tes th» fpi i 


pcu_cpu_data(31 :0J 


32 


In 


Raad dntA hi i<t fmm ffrm OC\ 1 Kin**ts 
iidou uaia uua ii sji* | u in ~w^j OIOCK 


cpu_scb_sel 


— 


Out 


SCR hirwif Qf»lor*t 1 


scb_cpu_rdy 





In 


own reaoy signal to me OrU. 


scb_cpu_berr 




In 


out? dus error signal to the CPU. 


scb cdu dataf31 *01 


32 


In 


Meaa oata bus from the SCB block 




— 


Out 


Timers block select. 


tim_ cpu rdy 




In 


Time re block ready signal to the CPU. 


tim_cpu_berr 




In 


Timers bus error signal to the CPU. 


tim_cpu_data{31:0] 


32 


Fn 


Read data bus from the Timers block 


cpu_rom_sel 




Out 


ROM block select 


rom_cpu_rdy 




In 


ROM block ready signal to the CPU. 


rom_cpu_berr 




In 


ROM bus error signal to the CPU. 


rom_cpu_data[31 ;0J 


32 


in 


Read data bus from the ROM block 


cpu_pss_sel 




Out 


PSS block select j 


pss_cpu_rdy 




In 


PSS bJock ready signal to the CPU. 


pss_cpu_berr 




In 


PSS bus error signal to the CPU. 


pss_cpu_data(31 :0] 




In 


Read data bus from the PSS block 


cpu_diu_8eJ 




Out 


OIU register block select. 


diu_cpu_rdy 




in 


DIU register block ready signal to the CPU. 


dlu_cpu_berr 




In 


DiU bus error signal to the CPU. 


diu_cpu_data[31 .-0] 


32 


In 


Read data bus from the DiU block 


Interrupt signals 


icu_cpujlevel[3:0) 


3 


In 


An interrupt Is asserted by driving the appropriate priority level on 
icu^cpujlevol These signals must remain asserted until the CPU 
executes an interrupt acknowledge cycle. 


cpu_icujlevel[3:0] 


3 


Out 


Indicates the level of the Interrupt the CPU Is acknowledging when 
cpu_iacki& high 


cpujack 


1 


Out 


Interrupt acknowledge signal. The exact timing depends on the 
CPU core implementation 


Debug signals 




diu_cpu_debug_valld 


1 


In 


Signal indicating the data on the diujcpu^data bus is valid debug 
data. 


tim_cpu_debug_valid 


1 


In 


Signal indicating the data on the tim cpu data bus is valid debug 
data. 


scb_cpu_debug_valid 


1 


In 


Signal indicating the data on the $cb_cpu_data bus Is vaBd debua 
data. 
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Table 14. CPU Subsystem l/Os 





0H! 


M 




pcu_cpu_debug_valfd 




In 


SignaJ indicating the data on the pcu_cpu_data bus is valid debug 
data. 


lss_cp u_debu g_vaJ id 




In 


Signal indicating the data on the Iss_cpu_data bus is vafid debug 
data. 


icu_cpu_debug_valid 




In 


Signal indicating the data on the icu cpu data bus is valid debug 
data. 


gpio_cpu_debug_valid 




In 


Signal indicating the data on the gpio_cpu_data bus is valid debug 
data. 


cpr_cpu_debug_valtd 




In 


SignaJ Indicating the data on the cpr_cpu_data bus is vaiid debug 
data. 


debug_data_out 


18 


Out 


Output debug data to be muxed on to the PHI pins 


debug_data_vaJid 




Out 


Debug vaiid signal indicating the validity of the data on 
dobuQ_data_out. This signal is used in ail debug configurations 


debug_cntri 


20 


Out 


Control signal for each PHI bound debug data line indicating 
whether or not the debug data should be selected by the pin mux 



11.3 Realtime requirements 

The SoPEC realtime requirements have yet to be fully determined but they may be split into three catego- 
ries: hard, firm and soft 

11.3.1 Hard realtime requirements 

Hard requirements are tasks that must be completed before a certain deadline or failure to do so will result 
in an error perceptible to the user (printing stops or functions incorrectly). There are three hard realtime 
tasks: 

• Motor control: The motors which feed the paper through the printer at a constant speed during 
printing are driven directly by the SoPEC device. Four periodic signals, with different phase rela- 
tionships need to be generated to ensure the paper travels smoothly through the printer. The genera- 
tion of these signals is handled by the GPIO hardware (see section . 13. 2 for more details) but the 
CPU is responsible for enabling these signals (i.e. to start or stop the motors) and coordinating the 
movement of the paper with the printing operation of the printhead. 

• Buffer management:. Data enters the SoPEC via the SCB at an uneven rate and is consumed by the 
PEP subsystem at a different rate. The CPU is responsible for managing the DRAM buffers to 
ensure that neither overrun nor underrun occur. This buffer management is likely to be performed 
under the direction of the host. 

• Band processing: In certain cases PEP registers may need to be updated between bands. As the tim- 
ing requirements are most likely too stringent to be met by direct CPU writes to the PCU a more 
likely scenario is that a set of shadow registers will programmed in the compressed page units 
before the current band is finished, copied to band related registers by the finished band signals and 
the processing of the next band will continue immediately. An alternative solution is that the CPU 
will construct a DRAM based set of commands (see section 21.8. 5 for more details) that can be exe- 
cuted by the PCU. The task for the CPU here is to parse the band headers stored in DRAM and gen- 
erate a DRAM based set of commands for the next number of bands. The location of the DRAM 

. based set of commands must then be written to the PCU before the current band has been processed 
by the PEP subsystem. It is also conceivable (but currendy considered unlikely) that the host PC 
could create the DRAM based commands. In this case the CPU will only be required to point the 
PCU to the correct location in DRAM to execute commands from. 
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11.3.2 Firm requirements 

Firm requirements are tasks that should be completed by a certain time or failure to do so will result in a 
degradation of performance but not an error. The majority of the CPU tasks for SoPEC fall into this cate- 
gory including all interactions with the QA chips, program authentication, page feeding, configuring PEP 
registers for a page or job, determining the firing pulse profile, communication of printer status to the host 
over the USB and the monitoring of ink usage. The authentication of downloaded programs and messages 
will be the most compute intensive operation the CPU will be required to perform. Initial investigations 
indicate that the LEON processor, running at 160 MHz, will easily perform three authentications in under 
a second. 



Table 15. Expected firm requirements 





mmmm 


Power-on to start of printing first page (USB and slave SoPEC enumeration, 3 or more 
RSA signature verifications, code and compressed page data download and chip Initiali- 
sation] 


~ 8 sees ?? 


Wake-up from sleep mode to start printing [3 or more SHA-1 operations, code and com- 
pressed page data download and chip re-initialisation 


-2 sees 


Authenticate ink usage In the printer 


- 0.5 sees 


Determining firing pulse profile 


- 0.1 sees 


Page feeding, gap between pages 


OEM dependent 


Communication of printer status to host PC 


- 10 ms 


Configuring PEP registers 


?? 



11.3,3 Soft requirements 

Soft requirements are tasks that need to be done but there are only light time constraints on when they need 
to be done. These tasks are performed by the CPU when there are no pending higher priority tasks. As the 
SoPEC CPU is expected to be lightly loaded these tasks will mostly be executed soon after they are sched- 
uled. 



11.4 Bus Protocols 

As can be seen from Figure 15 above there are different buses in the CPU block and different protocols are 
used for each bus. There are three buses in operation: 

1 1.4.1 CPU core to cache/MMU bus 

This is the native bus of the CPU core. See section 1 1.6.6. 1 for more details. Timing and full signal details 
should be provided in the documentation accompanying this core. 

11.4.2 Cache/MMU to DIU bus 

This bus conforms to the DIU bus protocol described in Section 20.13.2. Note that the address and data 
buses are shared with the peripheral bus. The effective bus width differs between a read (256 bits) and a 
write (32/16/8 bits) and only the bottom 32 bits of the bus are shared with the peripheral bus. As certain 
CPU instructions may require byte write access this will need to be supported in the DIU. See section 
1 1 .6.6.2 for more details. . 
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11.4.3 CPU Subsystem Bus 

For access to the on-chip peripherals a simple bus protocol is used. The MMU must first determine which 
particular block is being addressed (and that the access is a valid one) so that the appropriate block select 
signal can be generated. During a write access CPU write data is driven out with the address and block 
select signals in the first cycle of an access. The addressed slave peripheral responds by asserting its ready 
signal indicating that it has registered the write data and the access can complete. The write data bus is 
common to all peripherals and is also used for CPU writes to the embedded DRAM. A read access is initi- 
ated by driving the address and select signals during the first cycle of an access. The addressed slave 
responds by placing the read data on its bus and asserting its ready signal to indicate to the CPU that the 
read data is valid. Each block has a separate point-to-point data bus for read accesses to avoid the need for 
a tri-stateable bus. 

All peripheral accesses are 32-bit. Support for byte or 16-bit accesses may be added if required by an 
imported IP block such as the USB controller. The use of the ready signal allows the accesses to be of vari- 
able length. In most cases accesses will complete in two cycles but three or four (or more) cycles accesses 
are likely for PEP blocks or IP blocks with a different native bus interface. All PEP blocks are accessed via 
the PCU which acts as a bridge. The PCU bus uses a similar protocol to the CPU subsystem bus but with 
the PCU as the bus master. 

The duration of accesses to the PEP blocks is influenced by whether or not the PCU is executing com- 
mands from DRAM. As these commands are essentially register writes the CPU access will need to wait 
until the PCU bus becomes available when a register access has been completed. This could lead to the 
CPU being stalled for up to 4 cycles if it attempts to access PEP blocks while the PCU is executing a com- 
mand. The size and probability of this penalty is sufficiently small to have any significant impact on per- 
formance. 

In order to support user mode (i.e. OEM code) access to certain peripherals the CPU subsystem bus prop- 
agates the CPU function code signals (cpu^acodefJ :0J). These signals indicate the type of address space 
(i.e. User/Supervisor and Program/Data) being accessed by the CPU for each access. Each peripheral must 
determine whether or not the CPU is in the correct mode to be granted access to its registers and in some 
cases (e.g. Timers and GPIO blocks) different access permissions can apply to different registers within 
the block. If the CPU is not in the correct mode then the violation is flagged by asserting the block's bus 
error signal {block^cpujberr) with the same timing as its ready signal (plock_cpu _rdy) which remains 
deasserted. When this occurs invalid read accesses should return 0 and write accesses should have no 
effect. 

Figure 16 shows two examples of the peripheral bus protocol in action. A write to the LSS block from 
code running in supervisor mode is successfully completed. This is immediately followed by a read from a 
PEP block via the PCU from code running in user mode. As this type of access is not permitted the access 
is terminated with a bus error. The bus error exception processing then starts directly after this - no further 
accesses to the peripheral should be required as the exception handler should be located in the DRAM. 

Each peripheral acts as a slave on the CPU subsystem bus and its behavior is described by the state 
machine in section 11.4.3.1 
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pc* nj~un_jTjnj~LTTJ~L_n 

cpu_adr{21:0] |^^s|LSS address | PEP address fc^^ Supervisor stactj 



cpL_rwn " | J" 



cpu_acode[1:0J R^sl Supvr Data [ User Data fr^^ Supvr Data" 



cpu_lss_sel | ~] 



lss_cpu_rdy | |_ 

lss_cpu_berr 



cpu_dataout[31:0] R^j LSSdata ^SS^^^^^ 
cpu_pcu_sel | 



pcu_cpu_berr 
pcu_cpu_rdy 



J — L 



pcu_cpu_data[31:0] fr^^^^^ 0x0000,0000 



Figure 16. CPU bus transactions 

1 1.4.3. 1 CPU subsystem bus stave state machine 

CPU subsystem bus slave operation is described by the state machine in Figure 17. This state machine 
will be implemented in each CPU subsystem bus slave. The only new signals mentioned here are the 
valid_access and regjavailable signals. The valid_access is determined by comparing the cpu_acode 
value with the block or register (in the case of a block that allow user access on a per register basis such as 
the GPIO block) access permissions and asserting validjjccess if the permissions agree with the CPU 
mode. The reg_avaitable signal is only required in the PCU or in blocks that are not capable of two-cycle 
access (e.g. blocks containing imported IP with different bus protocols). In these blocks the reg_available 
signal is an internal signal used to insert wait states (by delaying the assertion of block jzpu^rdy) until the 
CPU bus slave interface can gain access to the register. 

When reading from a register that is less than 32 bits wide the CPU susystems bus slave, should return 
zeroes on the unused upper bits of the block_cpu_data bus. 

To support debug mode the contents of the register selected for debug observation, debug__reg t are always 
output on the block_cpu_data bus whenever a read access is not taking place. See section 1 1.8 for more 
details of debug operation. 
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CPU biQCk 5€l "-.fl 
Wock_cpu_data « reg_data 
btock_epu_debug_valid » 1 



erst n = Q 
btock_cpu_rdy » 0 
b)ocK_apu_borr * 0 
WocK_cpu_data ■ debug_reg_data 
Wock_cpu_debug_valid « 1 



Wock. cpu_ 
bkx*_cpu_da a » debug_reg_data 



cpu block sel B 1 
A AND CPU rWT)"1 
ANDvalfd access °= 
AND reo. availabJa = 
btock_cpu rdy - 1 
WodCcpu3«rr o 0 
btock_cpu_data = rog_data 
Wock_cpu_ddbug_valid 



/Read Access 

uock_cpu_rdy ° o\ Complete 
i_debuB_valld «1 v 
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Figure 17. State machine for a CPU subsystem slave 

11.5 LEON CPU 

The LEON processor is an open-source implementation of the IEEE-1754 standard (SPARC V8) instruc- 
tion set. LEON is available from and actively supported by Gaisler Research (www.gaisler.com). 

The following features of the LEON-2 processor will be utilised on SoPEC: 



• IEEE-1754 (SPARC V8) compatible integer unit with 5-stage pipeline 

• Separate instruction and data cache (Harvard architecure) 

• Set-associative caches: 1-4 sets, 1-64 kbyte/set. Random, LRR or LRU replacement Direct 
mapped cacches are also available and are the more likely option for SoPEC. 

• Full implementation of AMBA-2.0 AHB on-chip bus 

• Power-down mode 

The standard release of LEON incorporates a number of peripherals and support blocks which will not be 
included on SoPEC. The LEON core as used on SoPEC will consist of: 1) the LEON integer unit, 2) pos- 
sibly the instruction and data caches (currently undeT review), 3) the cache control logic (to be signifi- 
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cantly reduced by optimisation if the caches are not used), 4) the AHB interface and 5) possibly the AHB 
controller (although this functionality may be implemented in the LEON Bridge). 

The version of the LEON database that the SoPEC LEON components will be sourced from is LEON2- 
1.0.8 although later versions may be used if they offer worthwhile functionality or bug fixes that affect the 
SoPEC design. Note that if the LEON caches are not used then we may revert to vl.0.7 of the database as 
the cache control logic is likely to be simpler and easier to optimise away (v 1.0.8 introduced support for 
set-associative caching) 

The LEON core will be clocked using the system clock, pclk, and reset using the prstjn jsectionfl ] signal. 
The ICU will assert all the hardware interrupts using the protocol described in section 1 1.9. The particular 
types of SRAMs (for LEON caches) and register files used will be determined during the implementation 
phase. The LEON hardware multipliers are notexpected to be required. Furthermore it is anticipated that 
SoPEC will use the recommended 8 register window configuration 

Further details of the SPARC V8 instruction set and the LEON processor can be found in [32] and [33] 
respectively. 

1 1 .6 Memory Management Unit (MMU) 

Memory Management Units are typically used to protect certain regions of memory from invalid accesses, 
to perform address translation for a virtual memory system and to maintain memory page status (swapped- 
in, swapped-out or unmapped) 

The SoPEC MMU is a much simpler affair whose function is to ensure that all regions of the SoPEC mem- 
ory map are adequately protected. The MMU does not support virtual memory and physical addresses are 
used at all times - the one exception to this is the address translation of the reset vector. The SoPEC MMU 
supports a full 32-bit address space. A proposed memory map is shown in Figure 18 below. 

The MMU selects the relevant bus protocol and generate the appropriate control signals depending on the 
area of memory being accessed. The MMU is responsible for performing the address decode and genera- 
tion of the appropriate block select signal as well as the selection of the correct block read bus during a 
read access. The MMU will need to support all of the bus transactions the CPU can produce including 
interrupt acknowledge cycles, aborted transactions etc. 

When an MMU error occurs (such as an attempt to access a supervisor mode only region when in user 
mode) a bus error is generated. While the LEON can recognise different types of bus error (e.g. data store 
error, instruction access error) it appears to handle them in the same manner as it handles all traps i.e it will 
transfer control to a trap handler. No extra state information appears to be stored because of the nature of 
the trap.The location of the trap handler is contained in the TBR (Trap Base Register). This is the same 
mechanism as is used to handle interrupts. Further investigation is needed to determine exactly how LEON 
behaves when a bus error type trap occurs to determine the best approach to handling bus errors. It may be 
simplest to just treat them as the highest priority interrupt 
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Accesses in this 
area are not 
allowed and 
result in a bus 
error exception. 



Accesses in this 
area are via the 
CPU bus and are 
controlled by 
permissions set in 1 
each peripheral. 



Accesses in this 
area are via the 
DIU bus and are 
controlled by 
permissions set in\ 
the MMU. 




OxFFFF.FFFF 



PCU Mapped Registers 



Peripheral Registers 



ROM 



DRAM 



0x002A^CQO0 
Ox002A_0000 
0x0029.0000 
0x0028.0000 




ORAM 
Regions 



0x0000.0000 



Figure 18. Proposed SoPEC CPU memory map (not to scale) 

1 1 .6.1 CPU-bus peripherals address map 

The address mapping for the peripherals attached to the CPU-bus is shown in Table 16 below. The MMU 
performs the decode of the high order bits to generate the relevant cpujblock select signal. Apart from the 
PCU, which decodes the address space for the PEP blocks, each block only needs to decode as many bits 
of cpu_adr[l 1:2] as required to address all the registers within the block. 

Table 16. CPU-bus peripherals address map 



mmm 




MMU.base 


0x0029.0000 


TIM.base 


0x0029.1000 


LSS.base 


0x0029.2000 


GPIO.base 


0x0029.3000 


SCB.base 


0x0029.4000 


ICU.base 


0x0029_5000 


CPR.base 


0x0029.6000 


ROM.base 


0x0029.7000 


DIU.base 


0x0029.8000 


PSS.base 


0x0029.9000 
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Table 16. CPU-bus peripherals address map 







Reserved 


Ox0029_AOOO to 0x0029_FFFF 


PCU.base 


0x002A_0000 



11.6.2 DRAM Region Mapping 

The embedded DRAM is broken into 8 regions, with each region defined by a lower and upper bound 

address and with its own access permissions. 

* 

The association of an area in the DRAM address space with a MMU region is completely under software 
control. Table 17 below gives one possible region mapping. Regions should be defined according to their 
access requirements and position in memory. Regions that share the same access requirements and that are 
contiguous in memory may be combined into a single region. The example below is purely for indicative 
purposes - real mappings are likely to differ significantly from this. Note that the RegionBottom and Regi- 
onTop fields in this example are byte aligned and would need to be right-shifted by 5 places to obtain the 
256-bit aligned value used to program the RegionNTop and RegionNBottom registers, or more details, see 
11.6.5.1 and 11.6.5.2. 



Tabfe 17. Example region mapping 





mam 






0 


0x0000^0000 


OxOOOO.OFFF 


SJiverforook OS (supervisor) data 


1 


0x0000.1000 


0xOO0O_BFFF 


Si fverb rook OS (supervisor) code 


2 


0x0O00_CO00 


0xO000_C3FF 


Sifverbrook (supervisor/user) data 


3 


0x0000^.0400 


0x0O00_CFFF 


Silverbrook (supervisor/user) code 


4 


0xOO26_DO00 


0xO026_D3FF 


OEM (user) data 


5 


0xO026_D400 


0x0026 JDFFF 


OEM (user) code 


6 


0xOO27_E000 


0xOO27_FFFF 


Shared Silverb rook/OEM space 


7 


0xOO00_O0O0 


0X0026.CFFF 


Compressed page store (supervisor data) 



11.6.3 Non-DRAM regions 

As shown in Figure 18 the DRAM occupies only 2.5 MBytes of the total 4 GB SoPEC address space. The 
non-DRAM regions of SoPEC are handled by the MMU as follows: 

ROM (0x0028_0000 to 0x0028_FFFF): The ROM block will control the access types allowed. The 
cpu_acode[l:0] signals will indicate the CPU mode and access type and the ROM block will assert 
rom_cpu_berr if an attempted access is forbidden. The protocol is described in more detail in section 
1 1 .4.3. The ROM block access permissions are hard wired to allow all read accesses except to the Fuse- 
Chip ID registers which may only be read in supervisor mode. 

MMU Internal Registers (0x0029_0000 to Ox0029_OFFF): The MMU is responsible for controlling the 
accesses to its own internal registers and will only allow data reads and writes (no instruction fetches) 
from supervisor data space. All other accesses will result in the mmu_cpu_berr signal being asserted in 
accordance with the CPU native bus protocol. 

CPU Subsystem Peripheral Registers (0x0029_1000 to 0x0029_FFFF): Each peripheral block will 
control the access types allowed. Every peripheral will allow supervisor data accesses (both read and 
write) and some blocks (e.g. Timers and GPIO) will also allow user data space accesses as outlined in the 
relevant chapters of this specification. Neither supervisor nor user instruction fetch accesses are allowed to 
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any block as it is not possible to execute code from peripheral registers. The bus protocol is described in 
section 11 .4.3. 

PCU Mapped Registers (0x002 A_0000 to 0x002 A_BFFF): All of the PEP blocks registers which are 
accessed by the CPU via the PCU will inherit the access permissions of the PCU. These access permis- 
sions are hard wired to allow supervisor data accesses only and the protocol used is the same as for the 
CPU peripherals. 

Unused address space (0xOO2A_C000 to OxFFFFJFFFF): AH accesses to the unused portion of the 
address space will result in the mmu_cpu_berr signal being asserted in accordance with the CPU native 
bus protocol. These accesses will not propagate outside of the MMU i.e. no external access will be initi- 
ated. 



11.6.4 



11.6.5 



Reset exception vector and reference zero traps 

When a reset occurs the LEON processor starts executing code from address 0x0000^0000. On SoPEC the 
embedded DRAM occupies this area of the address map. As the DRAM contents are undefined when the 
processor comes out of reset (this is certainly the case with a power-on and most other resets that can occur 
on SoPEC) the MMU will need to redirect accesses from 0x0000^0000 through 0x0000_00?? (the mini- 
mum amount of redirection is currently TBD but is likely to be at least 16 bytes) to the bottom of the ROM 
i.e. to 0x0028.0000 through Ox0028J)0??. 

A common software bug is zero-referencing or null pointer de-referencing (where the program attempts to 
access the contents of address 0x0000.0000). To assist software debug the MMU will assert a bus error 
every time the reset locations are accessed after the reset trap handler has legitimately been retrieved 
immediately after reset. If desired this condition could be result in a unique trap (e.g. a watchpoint 
detected trap) 

MMU Configuration Registers 

These are the only configuration registers in the CPU block. Note that all the MMU configuration registers 
may only be accessed when the CPU is running in supervisor mode. 



Table 18. MMU Configuration Registers 
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i§ 




mmmmwM 


0x00 


RegionOBottom 


17 


OxO_00OO 


This register contains the physical address that 
marks the bottom of region 0 


0x04 


ReglonOTop 


17 


OxF.FFFF 


This register contains the physical address that 
marks the top of region 0. Region 0 covers the 
entire address space after reset whereas ail 
other regions are zero-sized initially. 


0x08 


Region 1 Bottom 


17 


0x0.0000 


This register contains the physical address that 
marks the bottom of region 1 


OxOC 


Region 1 Top 


17 


0x0.0000 


This register contains the physical address that 
marks the top of region 1 


0x10 


Region2Bottom 


17 


0x0.0000 


This register contains the physical address that 
marks the bottom of region 2 


0x14 


Regfon3Top 


17 


OxO_0O00 


This register contains the physical address that 
marks the top of region 2 


0x18 j 


Reglon3 Bottom 


17 


0xO__0OOO 


This register contains the physical address that 
marks the bottom of region 3 


0x1 C 


Region3Top 


17 


0x0.0000 


This register contains the physical address that 
marks the top of region 3 
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Table 18. MMU Configuration Registers 







HI 






0x20 


Region4Bottom 


17 


0x0_0000 


This reoister contains the nhvsical fiddra^s that 
marks the bottom of region 4 


0x24 


Region4Top 


17 


0x0_0000 


This register contains the physical address that 
marks the top of region 4 


0x28 


Region5Bortom 


17 


0x0_0000 


This register contains the physical address that 
marks the bottom of region 5 


0x2C 


noyiono iop 


17 


OxOLOOOO 


This register contains the physical address that 
marks the top of region 5 


0x30 


ReglonGBottom 


17 


0x0.0000 


This register contains the physical address that 
marks the bottom of region 6 


0x34 


Region6Top 


17 


0x0_0000 


This register contains. the physical address that 
marks the top of region 6 


0x38 


Region7Bottom 


17 


0x0.0000 


This register contains the physical address that 
marks the bottom of region 7 


0x3C 


Region7Tcp 


17 


0x0_0000 


This register contains the physical address that 
marks the top of regfon 7 


0x40 


Region 0C on trol 


6 


0x07 


Control register for region 0 


0x44 


Region 1 Control 


6 


0x07 


Control register for region 1 


0x48 


Region2Control 


6 


0x07 


Control register for region 2 


0x4C 


Region3Control 


6 


0x07 


Control register for region 3 


0x50 


Region4Control 


6 


0x07 


Control register for region 4 


0x54 


Regions Control 


6 


0x07 


Control register for region 5 


0x58 


Regions Control 


6 


0x07 


Control register for region 6 


OxSC 


Region7ControJ 


6 


0x07 


Control register for region 7 


0x60 


BusTlmeout 


16 


OxOOFF 


This register should be set to the number of pctk 
cycles to wait before aborting an access with a 
bus error. 


0x64 


DebugSelecl 


7 


0x00 


Contains address of the register selected for 
debug observation. It is expected that a number 
of pseudo-registers will be made available for 
debug observation and these will be outlined 
during the implementation phase. 



11.6.5.1 RegionTop and RegionBottom registers 

The 20 Mbit of embedded DRAM on SoPEC is arranged as 81920 words of 256 bits each. All region 
boundaries need to align with a 256-bit word. Thus only 17 bits are required for the RegionNTop and 
RegionNBottom registers. The byte address of these locations can be obtained by simply left-shifting the 
register value by 5 bits i.e. cpu_odr [21 :0] ~ RegionNTop/BottomfJ6:0J « 5. 

Both the RegionNTop and RegionNBottom registers are inclusive i.e. the addresses in the registers are 
included in the region. The size of smallest active region is therefore 2 256-bit words i.e. 64 bytes. 

If DRAM regions overlap (there is no reason for this to be the case but there is nothing to prohibit it either) 
then only accesses allowed by all overlapping regions are permitted. That is if a DRAM address appears in 
both Region I and Region3 (for example) the cpujacode of an access is checked against the access permis- 
sions of both regions. If both regions permit the access then it will proceed but if either or both regions do 
not permit the access then it will not be allowed. 



Doc: SoPEC_hardware_design S3 Proprietary Document 

Version: 2.3 



29 Nov 2002 
Page 77 



I 



SoPEC : Hardware Design 



The MMU does not support negatively sized regions i.e. the value of the RegionNTop register should 
always be greater that the value of the RegionNBottom register. If RegionNTop is lower in the address map 
than RegionNTop then the region is considered to be zero-sized and is ignored. 

When both the RegionNTop and RegionNBottom registers for a region contain the same value the region is 
then simply one 256-bit word in length and this corresponds to the smallest possible active region. 

11.6.5.2 Region Control registers 

Each memory region has a control register associated with it. The RegionNControl register is used to set 
the access conditions for the memory region bounded by the RegionNTop and RegionNBottom registers. 
Table 19 describes the function of each bit field in the RegionNControl registers. All bits in a RegionNCon- 
trol register are both readable and writable by design. However, like all registers in the MMU, the 
RegionNControl registers can only be accessed by code running in supervisor mode. 



Table 19. Region Control Register 





mm 




SupervfsorAccess 


2:0 


Denotes the type of access allowed when the CPU is running in 
Supervisor mode. For each access type a 1 indicates the access is 
permitted and a 0 indicates the access is not permitted. 
bitO - Data read access permission 
bit1 - Data write access permission 
bit2 - Instruction fetch access permission 


UserAcces9 


5:3 


Denotes the type of access ailowed when the CPU is running in 
User mode. For each access type a 1 Indicates the access Is per- 
mitted and a 0 indicates the access Is not permitted. 
bit3 - Data read access permission 
bit4 - Data write access permission 
bits - Instruction fetch access permission 



11.6.5.3 Status Register 

The SPARC V8 architecture allows for a number of types of memory access error to be trapped. These trap 
types and trap handling in general are described in chapter 7 of the SPARC architecture manual [32]. 
According to the SPARC architecture manual the processor will automatically move to the next register 
window (i.e. it decrements the current window pointer) and copies the program counters (PC and nPC) to 
two local registers in the new window. The supervisor bit in the PSR is also set and the PSR can be saved 
to another local register by the trap handler (this does not happen automatically in hardware). 

At the time of writing it is not clear whether the LEON core can easily accept memory access error trap 
types (i.e. the 8-bit tt field of the Trap Base register). Further investigation is needed to determine it this is 
possible and if existing trap types will cover the different types of bus error possible on SoPEC. Up to 32 
implementation specific trap types are allowed so conditions unique to SoPEC can be handled in this man- 
ner. 

If it is not possible for sufficient information about the cause of the bus error to be passed to the LEON 
core using the above mechanisms then a status register will be implemented to record the relevant informa- 
tion. 

11.6.6 MMU Sub-block partition 

As can be seen from Figure 19 and Figure 20 the MMU consists of five principal sub-blocks. For clarity 
the connections between these sub-blocks and other SoPEC blocks and between each of the sub-blocks are 
shown in two separate diagrams. 
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Figure 19. MMU Sub-block partition, external signal view 
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Figure 20. MMU Sub-block partition, internal signal view 

11.6.6.1 LEON Bridge 

At the time of writing it is expected that the LEON core will be used with its AHB interface rather than be 
modified to comply with the protocols used on SoPEC, in particular the DIU protocol for DRAM access. 
The LEON bridge consists of an AHB bridge and some glue logic. The AHB bridge will convert between 
the AHB and the DIU and CPU subsystem bus protocols. The AHB bridge will always be a slave on the 
AHB. Glue logic will be required to assist with endianness coherency, interrupts and other miscellaneous 
signalling. 



Table 20. LEON bridge l/Os 





iMD 


SHI 


mmmmmmmmm?mmm 


Global SoPEC signals 


prst_n 


1 


tn 


Global reset Synchronous to pcik, active low. 


pcik 


1 


In 


Global clock 


LEON Bridge to AHB signals 


haddr(3l:0] 


32 


In 


AHB address bus 


hwdata[31 :0J 


32 


In 


AHB write data bus 


hrdata[31:0] 


32 


Out 


AHB read data bus 


hseJ 


1 


In 


AHB stave select signal 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 80 



SoPEC : Hardware Design 



Table 20. LEON bridge l/Os 











hwrite 


1 


In 


AHB write signal: 
1 - Write access 
0 - Read access 


h trans 


2 


In 


Indicates the type of the current transfer: 

00 - IDLE 

01 - BUSY 

10- NONSEQ 

11- SEQ 


hsfze 


3 


In 


Indicates the size of the current transfer: 

uuu - oyie iransier 

001 - HaJfword transfer 

010- Word transfer 

011 - 64-bit transfer (unsupported?) 

1 xx - Unsupported larger wordsizes 


h burst 


3 


In 

• 


Indicates if the current transfer forms part of a burst and the type of 
burst 

000 - SINGLE 

001 - INCR 

010 - WRAP4 

011 -INCR4 

100 - WR APR 

101 - INCR8 
110-WRAP16 
111 -INCR16 


hprot 


4 


In 


Protection control signals pertaining to the current access: 
hprotfO] - Opcode(O) / Data(1) access 
hprotf 1 J - User(0) / Supervisor access 

hprot(2] - Non-bufferabie(0) /Bufferable(l) access (unsupported) 
hprot(3] - Ncn-cacneable(O) / Cacheatte access 


h master 


4 


In ! 


Indicates the identity of the current bus master. This will always be 
the LEON core. 


hmastlock 


1 


In 


Indicates that the current master Is performing a locked sequence 
of transfers. 


hready 


1 


Out 


Active high ready signaJ Indicating the access has completed 


hresp 


2 


Out 


Indicates the status of the transfer: 

00 - OKAY 

01 - ERROR 
10 -RETRY 
1 1 - SPLIT 


hsplit 


16 


Out 


This 16-bit split bus is used by a slave to indicate to the arbiter 
which bus masters should be allowed attempt a split transaction. 
This feature will be unsupported on the AHB bridge 


Toplevel/ Common LEON bridge signals 


cpu_dataout(31 :0] 


32 


Out 


Data out bus to both DRAM and peripheral devices. 


cpu_rwn 


1 


Out j 


Read/NotWrite signal. 1 = Current access is a read access, 0 = 
Current access is a write access 


Icu_cpuJ)eveI[3:0] 


4 


In 


An interrupt is asserted by driving the appropriate priority level on 
(cu_cpu_ilevel. These signals must remain asserted until the CPU 
executes an interrupt acknowledge cycle. 


cpujcu Jlevel [3 :0] 


4 


In 


Indicates the level of the interrupt the CPU is acknowledging when 
cpujack Is high 
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Table 20. LEON bridge l/Os 







cpujack . 


1 


Out 


Interrupt acknowledge signal. The exact timing depends on the 
CPU core Implementation 


cpu_start_access 


1 


Out 


Start Access signal indicating the start of a data transfer and that 
the cpu^adr, cpu__dataout. cpu_rwn and cpu_acode signals are all 
valid. This signal is only asserted during the first cycle of an access* 


cpu_ben[1 :0) 


2 


Out 


Byte enable signals. 


LEON core to LEON 


bridge signals 




iui.irl 


4 


Out 


Interrupt level request to the LEON Integer Unit 


iuoJrl 


4 


In 


Acknowledged interrupt level from the LEON Integer Unit 


Kjo.intack 


1 


In 


Interrupt acknowledge signal from the LEON Integer Unit 


LEON bridge to MMU 


I Control Block signals 


cpu_mmu_adr 


32 


Out 


CPU Address Bus. 


nrirnu_cpu_data 


32 


In 


Data bus from the MMU 


mmu_cpu_rdy 


1 


In 


Ready signal from the MMU 


cpu_rnmu_acod e 


2 


Out 


Access code signals to the MMU 


mmu_cpu_berr 


1 


In 


Bus error signal from the MMU 



Description: 

The LEON bridge must ensure that all CPU bus and intemipt transactions are functionally correct and that 
the timing requirements are met This sub-block is also responsible for ensuring endianness coherency i.e. 
guaranteeing that the correct data appears in the correct position on the data buses (hrdato, cpu_dataout 
and mmu_cpu_data) for every type of access. This is a requirement because the LEON uses big-endian 
addressing while the rest of SoPEC is little-endian. 

It is expected that some signals (especially those external to the CPU block) will need to be registered here 
to meet the timing requirements. Careful thought will be required to ensure that overall CPU access times 
are not excessively degraded by the use of too many register stages. 

11.6.6.2 DIU Bus Interface 

The DIU bus interface will handle all valid accesses to the embedded DRAM via the DIU. The DIU bus 
interface ensures that the access conforms to the DIU bus protocol while the DIU manages the arbitration 
and data alignment. 



Table 21. DIU Bus Interface l/Os 





lISP 




mtmgsmmmmtMwm 


Global SoPEC signals 


prst_n 


1 


in 


Global reset. Synchronous to pclk, active low. 


pclk 


1 


In 


Global clock 


Toplevel/Common DIU Bus Interface signals 


dram_cpu_data[255:0) 


256 


In 


Read data from the DRAM. 


cpu_diu_rreq 


1 


Out 


Read request to the DIU DRAM 


dlu_cpu_rack 


1 


In 


Acknowledge from DIU that read request has been accepted. 


diu_cpu_rvalfd 


1 


In 


Signal from DIU indicating that valid read data is on the 
dmm_cpu_data bus 


cpu_dlu_wreq 


1 


Out 


Write request to the DIU 
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Table 21. DIU Bus Interface UOa 







ISP 


mm 






diu_cpu_wack 


1 


In 


Acknowledge from the DIU that the write request has been 
accepted 




cpu_diu_wvalfd 


1 


Out 


Signal from the CPU to the DIU indicating that the data currently on 
the cpu_dataout bus Is valid 


1 


cpu_diu_wmask[1 :0] 


2 


Out 


Rag Indicating format of CPU write to DRAM. These signals are 

directly derived from the cpujben signals 

cpu_diu_wmask = 00: 8-bit write 

cpu_diu_wmask = 01: 1 6-bit write 

cpu_diu_wmask = 10: 32-bit write 

cpu_diu_wmask = 11: reserved 

cpu_adr[2:0] are driven in accordance with the width of the data 
access indicated by cpu_d'tu_wmask. Addresses cannot cross a 
256-bit word DRAM boundary. 


1 


dram_rdy 


1 


Out 


Data Ready signal. Indicates the data on the dram_cpujdata bus is 
valid for a read cycle or that the data was successfully dispatched 
to the DIU for a write cycle. 




DIU Bus Interface to MMU Control Block signals 


1 


cpu_adrt21:0] 


22 


In 


Toplevel CPU Address bus. 


1 


dram_data[31:0] 


32 


Out 


Data bus containing the 32 bits addressed by cpu_adrf4:2]irom the 
256-bit DRAM read bus dram^cpujdata 




dram_acxess_en 


1 


In i 


Enable Access signal. A DRAM access cannot be Initiated unless it 
has been enabled by the MMU Control Unit 




DIU Bus Interface to JCache signals 




ic_cache_hit 


1 


In 


Cache hit signal from the ICache. This indicates that the current 
CPU read request is being serviced by the ICache and so should 
not be retrieved from the DRAM. 


1 


DIU Bus Interface to LEON bridge signals 


1 


cpu_ben[1:0) 


2 


In 


Byte enable signals from the LEON bridge. These are forwarded on 
to the DIU as the cpu_ diu_wmask sign aJs 


1 


cpu_start_access 


1 


In 


Start Access signal from the LEON bridge indicating the start of a 
data transfer and that the cpu^adr. cpu_dataout cpu_rwn and 
cpu_acode signals are ait valid. This signal is only asserted during 
the first cycle of an access. 



Description: 

The DIU Bus Interface handles all data transfers between the CPU (or ICache) and the DIU. This involves 
translating between the different protocols used on the DIU and CPU buses. The validity (i.e. is the CPU 
running in the correct mode for the address space being accessed) of an access is determined by the MMU 
Control Block which also checks that a DRAM access does not cross a 256-bit boundary (as required by 
the DIU) and the dram_access_en is asserted if it is a valid access. Invalid accesses do not initiate DRAM 
accesses. The operation of the DIU Bus Interface is described by the state machine shown in Figure 21 and 
the DIU bus protocol is described in more detail in section 20.9. The DIU will return a 256-bit dataword 
on dram_cpu_data[255:0] for every read access. The DIU Bus Interface must select the appropriate 32-bit 
word from this according to the word address given by cpujidr[4:2]. 
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Pfst n°°Q 

cpu_diu_rr©q « 0 
cpu_diu_wreq = 0 
cpu_dhj_wvatld « 0 




drem_c ata = dram_cpu_j 



(Jram^rdy ■ 



Figure 21. DIU Bus Interface state machine 



1 1. 6. & 3 CPU Subsystem Bus interface 

The CPU Subsystem Interface block handles all valid accesses to the peripheral blocks that comprise the 
CPU Subsystem. 



Table 22. CPU Subsystem Bus Interface l/Os 









Global SoPEC signal i 


i 


prst_n 


1 


In 


Global reset. Synchronous to pclk. active low. 


pclk 


1 


In 


Global clock 


Top level/Common CPU Subsystem Bus Interface signals 


cpu_cpr_eel 


1 


Out 


CPR block select 


cpu_gpio_sel 


1 


Out 


GPIO block select. 


cpu_icu_sel 


1 


Out 


ICU block select 


cpu_lss_sel 


1 


Out 


LSS block select. 


cpu_pcu_sel 


1 


Out 


PCU block select. 
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Table 22. CPU Subsystem Bus Interface l/Os 





mm 




mwMmmmmEmwm 


cpu_scb_sel 




Out 


SCB block select. 


cpu_t]m_sel 




Out 


Timers block select. 


cpu_rom_sel 




Out 


ROM block select. 


cpu_pss_sel 




Out 


PSS block select. 


cpu_diu_sel 


1 


Out 


DfU block select 


cpr_cpu_data(31 :0] 


32 


In 


Read data bus from the CPR block 


gplo_cpu_data[31 :0] 


32 


In 


Read data bus from the QPIO block 


icu_cpu_data[31 :0] 


32 


In 


Read data bus from the ICU block 


lss_cpu_data[31 :0] 


32 


tn 


Read data bus from the LSS block 


pcu_cpu_data[31 :0] 


32 


In 


Read data bus from the PCU Mock 


scb_cpu__data[3 1 :0] 


32 


In 


Road rlnta him from tha Qr*0 YAtsrit 

nwu uctia UUtt 1 1 U 1 1 1 ultj OwO (HOCK 


tim_cpu_data[31 :0] 


32 


In 


DaoH Hfltft Ki f o frnm the Timorc Hrv^ 
nwwi UaUl UU9 HUlll UlC 1 UTttJItt UfOCK 


fom ecu dataf31 '01 


32 


In 


Ran A Hnta Kite fmm tha QfthJ KI/v/«L> 




99 
o& 


In 
in 


rieaa data dus from trie P5S block 


Hill fnn Hfltar^1*m 


*v> 


In 

in 


Head data bus trom the DIU block 


r cpu ry y 


< 
1 


In 


Ready signal to the CPU. When cpr_cpu_rxfy Is high it Indicates the 
last cycle of the access. For a write cycle this means cpu^dataout 
has been registered by the CPR block and for a read cycle this 
means the data on cpr_cpv_data Is valid. 


gplo_cpu_rdy 




In | 


GPIO ready signal to the CPU. 


Icu_cpu_rdy 


-J 


In 


ICU ready signal to the CPU. 


lss_cpu_rdy 




In 


LSS ready signal to the CPU. 


pcu_cpu_rdy 




In 


PCU ready signal to the CPU. 


scb_cpu_rdy 




In 


SCB ready signal to the CPU. 


tim_cpu_rdy 




In 


Timers block ready signal to the CPU. 


rom_cpu_rdy 




In 


ROM block ready signal to the CPU. 


pss_cpu_rdy 




In 


PSS block ready signal to the CPU. 


diu_cpu_rdy 




In 


DIU register block ready signal to the CPU. \ 


cpr_cpu_berr 




In 


Bus Error signal from the CPR block 


gpk>_cpu_berr 




In 


Bus Error signal from the GPIO block 


icu_cpu_berr 




In 


Bus Error signal from the l£U block 


lss_cpu_berr 




In 


Bus Error signal from the LSS block 


pcu_cpu_berr 




In 


Bus Error signal from the PCU block j 


scb_cpu_berr 




In 


Bus Error signal from the SCB block 


tim_cpu_berr 




In 


Bus Error signal from the Timers block 


rom_cpu_barr 




In 


Bus Error signal from the ROM block 


pss_cpu_berr 




In 


Bus Error signal from the PSS block 


diu_cpu_berr 




In 


Bus Error signal from the DIU block 


CPU Subsystem 8us Interface to MMU Control Block signals 


cpu_adr[19:12] 


6 


In 


Toplevel CPU Address bus. Only bits 19-12 are required to decode 
the peripherals address space 


perLaccess_en 


1 


In 


Enable Access signal. A peripheral access cannot be initiated 
unless it has been enabled by the MMU Control Unit 
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Table 22. CPU Subsystem Bus Interface l/Os 











perl_rnrnu_data[31 :0j 


32 


Out 


Data bus from the selected peripheral 


peri_mmu_rdy 


1 


Out 


Data Ready signal. Indicates the data on the peri_mmu_data bus is 
vaiid for a read cycle or that the data was successfully written to the 
peripheral for a write cycle. 


perl_mmu_berr 


1 


Out 


Bus Error signal. Indicates a bus error has occurred In accessing 
the selected peripheral 


CPU Subsystem Bus Interface to LEON bridge signals 


cp u_start_access 


1 


In 


Start Access signal from the LEON bridge Indicating the start of a 
data transfer and that the cpu^adr, cpu^dataout, cpu_rwn and 
cpu_acode signals are air valid. This signal Is only asserted during 
the first cycle of an access. 



Description: 

The CPU Subsystem Bus Interface block performs simple address decoding to select a peripheral and mul- 
tiplexing of the returned signals from the various peripheral blocks. The base addresses used for the 
decode operation are defined in Table 16. Note that access to the MMU configuration registers are handled 
by the MMU Control Block rather than the CPU Subsystem Bus Interface block. The CPU Subsystem Bus 
Interface block operation is described by the following pseudocode: 

raasked_cpu_adr = cpu_adr [ 19 : 12] 
case (masked_cpu_adr) 
when TIM__base[19:121 

cpu_tim_sel = peri_access_en // The peri_access_en signal will have the 

peri_mmu_data = tim_cpu_data // timing required for block selects 

peri_mnm_rdy » tim_cpu_rdy 

perijmmu_berr = t im_cpu_ber r 

all_other_selects =0 // Shorthand to ensure other cpu_block_sel signals 

// remain deasserted 

when LSS.base [19:12] 

cpu_lss_sel « peri_access_en 

peri_romu_data = lss_cpu_data 

peri_jnmu_ rdy =» lss_cpu_rdy 

peri_mmu_berr = lss_cpujberr 

ell_other_selects * 0 
when GPlO_base[19:12] 

cpu_gpio_sel = peri_access_en 

peri_xnmu_data * gpio_cpu_data 

peri_prou_rdy « gpio_cpu_rdy 

peri_mmu_berr = gpio_cpu_berr 

all_other_selects = 0 
when SCB_base(19:12] 

cpu_scb_sel a peri_access_en 

peri_mmu_data = acb_cpu_data 

peri_mmu_rdy » s c b__cpu rdy 

peri_mmu_berr = scb_cpu_berr 

all_other_selects = 0 
when ICU_baseU9:12] 

cpu_icu_sel = peri_access_en 

peri_mmu_data = icu_cpu_data 

peri_jnmu_rdy = icu_cpu_rdy 

peri^mmu_berr = icu_cpu_berr 

all_other_selecta * 0 
when CPRJbaseU9:12J 

cpu_cpr_sel = peri_acceso_en 

peri_jnmu_data = cpr_cpu_data 
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peri_nrmu_rdy = cpr — cpu_rdy 
peri_mrau_berr = cpr_cpu_berr 
all_othor_s elects * 0 

when ROM_base[19:12] 

cpu_roirusel 55 peri_access_en 
peri_?nmu_data = rom_cpu_data 
peri_jnmu_rdy = ron\_cpu_rdy 
peri_punu_berr = r on\_cpu J&err 
all_other_selects » 0 

when PSS_base (19:12) 

cpu_pss_sel = peri_access_en 
pori_mmu_data = pss_cpu_data 
peri_mmu_rdy m pss_cpu_rdy 
peri_jmmu_berr « pss_cpu Jberr 
a ll_other_s elects » 0 

when DIU_base[19:12] 

cpu_diu_ael o per i_ access.en 
peri_pnmu_data = diu_cpu_d»ta 
peri_mmu_rdy = diu_cpu_rdy 
peri_jnmu_berr = diu_cpu_berr 
all_other_selects = 0 

when PCU_base[19;12) 

cpu_diu_sel 3 peri_access_an 
pe r i _mmu_da t a = pcu_cpu_data 
perijumu^rdy = pcu_cpu_rdy 
peri_jnrou_berr = pcu_cpu_berr 
all^other_selects = 0 

when others 

all_block_selects = 0 
peri_jnmu_data = 0x00000000 
peri_mmu_rdy a 0 
peri_pnmu_berr = 1 

end case 



11.6.6.4 MMU Control Block 

The MMU Control Block determines whether every CPU access is a valid access. No more than one cycle 
is to be consumed in determining the validity of an access and all accesses must terminate with the asser- 
tion of either mmujcpu^rdy or mmu_cpu_berr. To safeguard against stalling the CPU a simple bus timeout 
mechanism will be supported. 



Table 23. MMU Control Block VO& 



Global SoPEC signals 


prst_n 


1 


In 


Global reset Synchronous to pc//c, active tow. 


pcflc 


1 


In 


Global dock 


Toplevel/Common MMU Control Block signals 


cpu_adr[21:0] 


22 


Out 


Address bus for both DRAM and peripheral access. 


cpu_acode{1 :0] 


2 


Out 


CPU access code signals (cpu_mmu_acode) retimed to meet the 
CPU Subsystem Bus timing requirements 


dram_access_en 


1 


Out 


ORAM Access Enable signal. Indicates that the current CPU 
access Is a valid DRAM access. 


MMU Control Block to LEON bridge slgnali 


5 
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Table 23. MMU Control Block l/Os 







am 




cpu_mmu_ad rf 31 :0] 


32 


In 


CPU core address bus. 


cpu_dataout(31:0] 


32 


In 


Toplevel CPU data bus 


mmu_cpu_data(31 :0) 


32 


Out 


Data bus to the CPU core. Carries the data for all CPU read opera- 
tions 


cpu_rwn 


1 


In 


Toplevel CPU Read/notWrite signal. 


cpu_mmu_acodep :0] 


2 


In 


CPU access code signals 


mmu_cpu_rdy 


1 


Out 


Ready signal to the CPU core. Indicates the completion of all valid 
CPU accesses. 


mmu_cpu_berr 


1 


Out 


Bus Error signal to the CPU core. This signal is asserted to termi- 
nate an invalid access. 


cpu_start_access 


1 


In 


Start Access signal from the LEON bridge Indicating the start of a 
data transfer and that the cpu^adr, cpu_dataout, cpu_rwn and 
cpu^acode signals are all valid. This signaJ is only asserted during 
the first cycle of an access. 


cpujack 


1 


In 


Interrupt Acknowledge signal from the CPU. This signal Is only 
asserted during an interrupt acknowledge cycle. 


cpu_ben[1 .-0] 


2 


In 


Byte enable signals indicating which bytes of the 32-bit bus are 
being accessed. 


MMU Control Block to DfU Bus Interface signals | 


dram_rdy 


1 


In 


Data Ready signal. Indicates the data on the dram_cpu_data bus is 
valid for a read cycle or that the data was successfully dispatched 
to the DIU for a write cycle. 


MMU Control Block to ICache signals 


ic__data(31:0] j 


32 


In 


Data bus from the ICache 


»c_rdy 


1 


In | 


Ready signal from the ICache indicating the data on ic_data is valid 


MMU Control Block to CPU Subsystem Bus Interface signals 


peri_access_en ■ 


1 


Out 


Enable Access signal. A peripheral access cannot be initiated 
unless It has been enabled by the MMU Control Unit 


pen_mmu_data(31 :0] 


32 


In 


Data bus from the selected peripheral 


perl_mmu_rdy 


1 


In 


Data Ready signal. Indicates the data on the pert_mmu_data bus Is 
valid for a read cycle or that the data was successfully written to the 
peripheral tor a write cycle. 


peri_mmuj>err 


1 


In 


Bus Error signal. Indicates a bus error has occurred in accessing 
the selected peripheral 



Description: 

| The MMU Control Block is responsible for the MMU's core functionality, namely determining whether or 

not an access to any part of the address map is valid. An access is considered valid if it is to a mapped area 
of the address space and if the CPU is running in the appropriate mode for that address space. Furthermore 
the MMU control block must correctly handle the special cases that are: an interrupt acknowledge cycle, a 
reset exception vector fetch, an access that crosses a 256-bit DRAM word boundary and a bus timeout 
condition. The following pseudocode shows the logic required to implement the MMU Control Block 

I functionality. It does not deal with the timing relationships of the various signals - it is the designer's 

responsibility to ensure that these relationships are correct and comply with the different bus protocols. 
For simplicity the pseudocode is split up into numbered sections so that the functionality may be seen 
more easily. 
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PSO Description: This first segment of code defines a number of constants and variables that are used 
elsewhere in this description. Most signals have been defined in the I/O descriptions of the MMU sub- 
blocks that precede this section of the document. The post^reset jstate variable is used later (in section 
PS4) to determine if we should translate the reset exception vector address or trap a null pointer access, 

PSO: 

const UnusedBottom = Ox002ACOOO 
const DRAMTop = 0x002 7FFFF 
const Us erData Space » bOl 
const UserProgramSpace =» bOO 
const SupervisorDataSpace = bll 
const SupervisorProgramSpace = blO 

const timeout_limit _= 0x40 // Need to confirm that this is a suitable value 
const ResetExceptionCycles = 0x8 

cpu_adr_peri_jnasked[7 :0] = cpu_mmu_adrll9:12] 
cpu_adr_dram_masked[16:0] = cpu_mmu_adr & Ox003FFFEO 

if (prst_n == 0> then // Initialise everything 

cpu_adr « cpu_mmu k _adr [21:0] 
peri_access_en = 0 
dram_acces8_en * 0 
mmu_cpu_data = peri_mmu_data 
mmu_cpu_rdy » 0 
mnrj_cpu_berr = 0 
post_reset_state = TRUE 
access_initiated a FALSE 
cpu_ac cessment = 0 

// The following is used to determine if we are coming out of reset for the purposes of 
// reset exception vector redirection. There may be a convenient signal in the CPU core 
// that we could use instead of this. 

if ( <cpu_start_access «^ 1) AND (cpu_access_cnt < ResetExceptionCycles ) AND 
(clock_tick == TRUE) ) then 
cpu_access_cnt = cpu_access_cnt +1 
else 

post_reset_state = FALSE 

PS1 Description: This section is at the top of the hierarchy that determines the validity of an access. The 
address is tested to see which macro-region (i.e. Unused, CPU Subsystem or DRAM) it falls into or 
whether the reset exception vector is being accessed. 

PS1: 

If (cpu_mmu_adr >= UnusedBottom) then 

// The access is to an invalid area of the address space. See section PS2 

els if { (cpu_mmu,adr > DRAMTop) AND { cpu_mmu_adr < UnusedBottom}) then 

// We are in the CPU Subsystem/PEP Subsystem address space. See section PS3 

// Only remaining possibility is an access to DRAM address space 

// First we need to intercept the special case for the reset exception vector 

elsif (cpu_mmu_adr < 0x00000010) then 

// The reset exception is being accessed. See section FS4 

elsif { (cpu_adr_drain_masked >= RegionOBottom) AND <cpu_adr_dram_masked < B 
RegionOTop) ) then 
// We are in RegionO. See section PS5 

elsif ( (cpu_adr_dram_raasked >= RegionNBottom) AND {cpu_adr_dran\_maskod <« 
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RegionNTop) ) then // we are in RegionN 
// Repeat the RegionO (i.e. section PS5) logic for each of Regionl to Region7 

else //We could end up here if there were gaps in the DRAM regions 
peri_access_en = 0 
dram_access_en « 0 

mmu_cpu_berr =1 //we have an unknown access error, most likely due to hitting 
mmu_cpu_rdy = 0 //a gap in the DRAM regions 

// Only thing remaining is to implement a bus timeout function. This is done in PS6 

end 

PS2 Description: Accesses to the large unused area of the address space are trapped by this section. No 
bus transactions are initiated and the mmujcpujberr signal is asserted. 

PS2: 

elsif (cpu_mmu_adr >= UnusedBottom) then 

peri_access_en =0 // The access is to an invalid area of the address space 
dram_access_en = 0 
mmu_cpu_berr = 1 
mmu_cpu_rdy » 0 

PS3 Description: This section deals with accesses to CPU Subsystem peripherals, including the MMU 
itself. If the MMU registers are being accessed then no external bus transactions are required Access to 
the MMU registers is only permitted of the CPU is making a data access from supervisor mode, otherwise 
a bus error is asserted and the access terminated For non-MMU accesses then transactions occur over the 
CPU Subsystem Bus and each peripheral is responsible for determining whether or not the CPU is in the 
correct mode (based on the cpujacode signals) to be permitted access to its registers. Note that all of the 
PEP registers are accessed via the PCU which is on the CPU Subsystem Bus. 

PS3: 

elsif ( ( cpu.jrcmjL.adr > DRAMTop) AND (cpu_jnmu_adr < UnusedBottom)) then 
//We are in the CPU Subsystem/ PEP Subsystem address space 

cpu_adr = cpu_mmu_adr [ 2 1 : 0 ] 

if ( cpu.adr jeri jnasJted »= MMU_base> then // access is to local registers 
peri_accesa_en » 0 
dram_access_en = 0 

if (cpujacode «« Supervi so rOata Space) then 
for (i=0; i<26; i++) { 

if ((i ow cpu_mmu_adr{6: 2) ) then // selects the addressed register 
if (cpu_rwn *« 1) then 

mmu_cpu_data [16:0] = MMURegtiJ // MMUReg[i] is one of the 
mmu_cpu_rdy =1. // registers in Table IB 

mmu_cpu_.be rr = 0 
else // write cycle 

MMUReg(i] = cpu_dataout ( 16 : 0) 
mmu_cpu_rdy - 1 
mmu_cpu_berr » 0 
else // there is no register mapped to this address 

mmu_cpu_berr » 1 // do we really want a bus_error here as registers 
mmu_cpu_rdy « 0 // are just mirrored in other blocks 

else //we have an access violation 
• . mmu_cpu_berr 1 

mmu^cpu^rdy « 0 

else // access is to something else on the CPU Subsystem Bus 
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peri_access_en- = 1 
dram_access_en = 0 
mmu_cpu_data = peri_*nmu_data 
mmu_cpu_rdy = peri_jnrau_rdy 
mmu_cpu_berr = peri_irtmu_berr 

PS4 Description; The only correct accesses to the locations beneath 0x00000010 are fetches of the reset 
trap handling routine and these should be the first accesses after reset Here we trap all other accesses to 
these locations regardless of the CPU mode. This most likely cause of such an access will be the use of a 
null pointer in the program executing on the CPU. 

PS4: 

elsif (cpu_prmu_adr < 0x00000010) then //may need to translate a wider range - depends 
if <post_reaet_state TRUE) ) then //on how LEON handles the reset exception. 
cpu_adr[21:0J * {R0*O>ase(2l : 3] , cpu_iranu_adr [ 2 : 0 ) ) 
peri_acces8_en = 1 
dram_access_en = 0 
mmu_Cpu^,data » peri_ pnnu_data 
mmu_cpu_rdy = peri_mmu_rdy 
mmu_cpu_berr = peri_mniu - .berr 
else //we have a problem (almost certainly a null pointer) 
peri_access_en = 0 
dram_access_en = 0 
iumu_cpu_berr » 1 
mmu_cpu_rdy = 0 

PS5 Description: This large section of pseudocode simply checks whether the access is within the bounds 
of DRAM RegionO and if so whether or not the access is of a type permitted by the RegionOControl regis- 
ter. If the access is permitted then a DRAM access is initiated for all data accesses and for instruction 
fetches that result in a cache miss. All instruction fetches are returned via the ICache interface regardless 
of whether they come from a cache hit or refill from DRAM. If the access is not of a type permitted by the 
RegionOControl register then the access is terminated with a bus error. 

PS5: 

elsif { ( cpu_adr_dran\_masked >= RegionOBottom) AND (cpu_adr_dram_jnasked <= 
RegionOTop) ) then //we are in RegionO 

//We need to check that the DRAM access does not cross a 256 -bit boundary 
// Only 16 or 32 -bit CPU accesses are capable of traversing a 256-bit boundary 

if ( { <cpu_mmu_adr[4:0) « OxlF) AND ( (cpu_ben == bOl) OR <cpu_ben »» MOM) 
OR ( ( cpu_mmu_adr [4 :0] == OxlE) AND (cpujoen ==» bl0> > 
OR ( (cpujratiu_adr[4 :0] =» OxlD) AND (cpu_ben «o blO) > ) then 

peri_accesa_en = 0 

drain_access_en = 0 

mmu_cpu_be rr = 1 

rnmu_cpu_rd.y *= 0 

else // access does not cross 256-bit boundary so we can proceed 
cpu_adr e epu_jnmu_edr (21 : 0] 
if (cpu_rwn »» 1) then 

if ( (cpu_acode == SupervisorProgramSpace AND RegionOControl (2 ] == 1)) 
OR (cpu_acode User Programs pace AND RegionOControl 1 5] 1)) then 

// this is a valid instruction fetch from RegionO 
per i_ accession = 0 
dran\_acces3_en = 1 
mmu_cpu_data « ic_data 
mmu_cpu_rdy a ic_rdy 
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mmu_cpu_Jberr = 0 

elsif ( <cpu_acode «= SupervisorDataSpace AND RegionOControl (OJ == 1) 
OR (cpu_acode =o UserDataSpace AND RegionOControl (3 ] m 1)) then 

// this is a valid read access from RegionO 

peri_access_en = 0 
dram_access_en = 1 

mmu_cpu_data = dram_data // possibly drc_data if dcache is used 
mmu_cpu_rdy = dram_rdy // possibly drc_rdy 
mmu_cpu_berr = 0 

else //we have an access violation 

peri_access_en » 0 
dram_access_en = 0 
mmu_cpu_berr = 1 
rarou_cpu_rdy = 0 

else // it is a write access 

if (<cpu_acode == SupervisorDataSpace AND RegionOControl [1] 1) 

OR {cpu^acode =~ UserDataSpace AND RegionOControl [4] »= 1)) then 

// this is a valid write access to RegionO 

peri_access_en - 0 
dram_access_en =* 1 

nuuu_cpu_rdy = dram_rdy // possibly dwc_rdy if dcache is used 
mmu_cpu_berr = 0 

« ls « // we have an access violation 

peri_access_en » 0 
dram_access_en = 0 
znmu_cpu_berr = 1 
irinu_cpu_rdy = 0 

PS6 Description: This final section of pseudocode deals with the special case of a bus timeout. This 
occurs when an access has been initiated but has not completed before the timeoutjimit number of pclk 
cycles. While access to both DRAM and CPU/PEP Subsystem registers will take a variable number of 
cycles (due to DRAM traffic, PCU command execution or the different timing required to access registers 
in imported IP) each access should complete before the timeoutjimit occurs. Therefore it should not be 
possible to stall the CPU by locking either the CPU Subsystem or DIU buses. However given the fatal 
effect such a stall would have it is considered prudent to implement bus timeout detection. 



PS6: 

// Only thing remaining is to implement a bus timeout function. 

if ( (cpu_start_access *== 1) then 
access_initiated = TRUE 
timeout_countdown o BusTimeout 

if ( (mmu_cpu_rdy == 1 ) OR ( mmu_cpu_.be rr «1 > ) then 
access_initiated « FALSE 
peri_access_en * 0 
dram_access_en = 0 

if ( (clock^tick == TRUE) AND <access_ini tiated == TRUE) ) 
if (timeout_countdown > 0) then 

t ime ou t_c oun tdown - - 
else // timeout has occurred 

peri_access_en « 0 // abort the access 

dram_accesa_en » 0 

mmu_cpujberr . = 1 

mmu_ cp u_ r dy = 0 
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116.6.5 ICache 

The ICache sub-block implementation is described in section 1 1.7. 1.1. 

11.7 Cache 

The decision on what type of caching solution to use on SoPEC is still open for the moment There are 
two probable solutions: a) use the LEON caches with a minimal configuration (1 KB I and D caches) and 
b) use separate, simple one line 256-bit caches for instruction* data read and data write accesses. From a 
performance and (most likely) implementation point of view the LEON caches are the best solution how- 
ever they are much bigger than the one line caches (approx 6x). The one line caches do not offer the same 
degree of performance improvement as the LEON caches and are likely to add an extra cycle to all mem- 
ory accesses. The performance penalty for a LEON cache miss (i.e. for all memory accesses if we are not 
using the LEON caches) and the the best and worst case access times from DRAM have yet to be fully 
determined. The final decision on which caching solution to use will be made when all such information is 
available. 

Therefore the section on caches, which was present in previous versions of this document but is now 
mostly out of date, has been removed (the ICache is still relevant if one line caches are used and so is 
retained). 

11.7.1 Instruction Cache 

A caching mechanism would offer the advantage of greater aggregate performance while still guaranteeing 
a minimum level of performance. While greater performance may not be required at present for this appli- 
cation the caching mechanism offers greater efficiency (i.e. MIPS/MHz) and so the CPU clock could be 
_ reduced without affecting, or only negligibly affecting, the operating performance. The advantage here is 
that the design is scalable - better performance can be achieved by simply increasing the clock rate. 

As all reads from the embedded DRAM on SoPEC produce words that are 256 bits wide it is inefficient to 
hook this up to a 32-bit CPU bus as 224 bits of each read would be discarded. If the full 256-bit word is 
stored locally to the CPU as a single-line cache then a ??x performance improvement could be obtained in 
the typical case (this is of course highly code dependent). This single line cache would be very easy to 
implement as it would just involve the address to be compared to a single tag and no replacement algo- 
rithm would be required. Furthermore the area impact would be minor and there should be no performance 
penalty for cache misses. As the dram_cpu_data bus is 256 bits wide the requested word is immediately 
available to the CPU i.e. we do not need to perform critical word first reordering of the data. 

The instruction cache is only accessed for instruction fetches, not all CPU reads. These can be differenti- 
ated by signals emanating from the CPU. Non-instruction CPU reads would be supported by the data 
cache. In the case of a cache miss the read request is processed by the MMU to ensure the request is valid 
before a read request is generated on the relevant external (to the CPU block) bus. The MMU should be 
informed of a cache hit to ensure it does not generate an unneccessary read request This requires that the 
regions used to store code are aligned on 32-byte (256-bit) boundaries. 

As there is no requirement to have more time deterministic code execution the instruction cache cannot be 
disabled. 

1 1. 7. 1. 1 /Cache Implementation 

The Instruction Cache used in SoPEC is capable of storing just a single 256-bit DRAM word. An imple- 
mentation is depicted in Figure 22 below. The block I/Os are given in Table 24 and these should be viewed 
in conjunction with Figure 19 and Figure 20 for a complete depiction of the connectivity of the block. 
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Figure 22. ICache Block Diagram 



Table 24. ICache l/Os 



Global SoPEC signals " 


prst_n 


1 


in 


Global reset. Synchronous to pdk, active low. 


pdk 


1 


In 


Global dock 


Toplevel ICache signals 


dram_cpu_data( 255:0] 


256 


In 


Data bus from the OIU 


cpu_acode[1 :0] 


2 


In 


CPU access control signals 


cpu_adr[21:2] 


20 


In 


CPU core address bus. 


ICache to DILI Bus Interface signals 


te_cache_hit 


1 


Out 


Cache hit signal. This indicates that the current CPU read request 
Is being serviced by the ICache and so should not be retrieved from 
the DRAM. 


dranwdy 


1 


In 


Data Ready signal. Indicates the data on the dmm_cpu_data bus is 
valid. 


ICache to MMU Control Block signals 


lc_data(31 :0] 


32 


Out ; 


ICache data bus 
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Table 24. ICache l/Os 





SHI 


Haas 




ic_rcly 


1 


Out 


Ready signal from the ICache indicating the data on ic_data is valid 


dram_access_en 


1 


Out 


DRAM access enable signaf. Indicates that the current CPU access 
is a valid DRAM access. 



Description: 

The Tag stores the DRAM word address of the word currently in cache. The Tag contents are compared 
with cpujodr[21:5] each time the CPU requests an instruction fetch from a valid DRAM address (indi- 
cated by cpujacode[0] and drom_access_en). If a match occurs (i.e. a cache hit) the access is serviced by 
returning the correct 32 bits (as selected by cpu_adr[4:2]) to the MMU Control Block. If a match does not 
occur (i.e. a cache miss) the ic_cachejtit line is held low indicating to the DIU Bus Interface that a 
DRAM access should commence. Completion of the DRAM access is signalled by the assertion of 
dram_rdy and this causes the ICache contents to be updated, the Tag value replaced and the relevant 32 
bits forwarded to the CPU accompanied by the assertion of the ic_rdy signal. It is updated each time the 
cache line is refilled from DRAM. All instruction fetches from DRAM are cacheable, regardless of which 
DRAM region is being accessed (although the access permissions still need to match those programmed 
for the region) and whether the CPU is in user or supervisor mode. 



11.7.2 Data Cache 

1 1 .8 Realtime Debug Unit (RDU) 

The RDU facilitates the observation of the contents of most of the CPU addressable registers in the SoPEC 
device in addition to some pseudo-registers in realtime. The contents of pseudo-registers, i.e. registers that 
are collections of otherwise unobservabte signals and that do not affect the functionality of a circuit, are 
defined in each block as required. Many blocks do not have pseudo-registers and some blocks (e.g. ROM , 
PSS) do not make debug information available to the RDU as it would be of little value in realtime debug. 

Each block that supports realtime debug observation features a DebugSelect register that controls a local 
mux to determine which register is output on the block's data bus (i.e. block jcpujdatd). One small draw- 
back with reusing the blocks data bus is that the debug data cannot be present on the same bus during a 
CPU read from the block. An accompanying active high block_jcpu_debug_valid signal is used to indicate 
when the data bus contains valid debug data and when the bus is being used by the CPU. There is no arbi- 
tration for the bus as the CPU will always have access when required. A block diagram of the RDU is 
shown in Figure 23. 
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Figure 23. Realtime Debug Unit block diagram 



Table 25. RDU l/Os 







EH 


HKBeimHHtifiaHKEB 


diu_cpu_data 


32 


In 


Read data bus from the DIU block 


cpr_cpu_data 


32 


In 


Read data bus from the CPR block 


gpio_cpu_data 


32 


In 


Read data bus from the GPIO block 


icu_cpu_data 


32 


In 


Read data bus from the ICU block 


lss_cpu_data 


32 


In 


Read data bus from the LSS bfock 


pcu_cpu_debug_data 


32 


In 


Read data bus from the PCU block 
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Tabte 25. RDU l/Os 




scb_cpu_data 


32 


In 


Read data bus from the SCB block 


tJm_cpu_data 


32 


In 


Read data bus from the TIM block 


diu„cpu_debug_valid 




In 


Signal indicating the data on the diu_cpu_data bus is valid debug 
data. 


lim_cpu_debug_vaJid 


1 


In 


Signal Indicating the data on the tim_cpu_data bus is valid debug 
data. 


scb_cpu_debug_valid 




In 


Signal indicating the data on the scb_cpu_data bus is valid debug 
data. 


pcu_cpu_debug_valid 




In 


Signal indicating the data on the pcu_cpu_data bus is valid debug 
data. 


lss_cpu_debug_ valid 




In 


Signal indicating the data on the lss_cpu_data bus is valid debug 
data. 


icu_cpu_d6bug_va1ld 




In 


Signal indicating the data on the icu_cpu_data bus is valid debug 
data. 


gpio_cpu_debug_va1id 




In 


Signal Indicating the data on the gpio_cpu_data bus is valid debug 
data. 


cpr_cpu_debug_valid 




In 


Signal indicating the data on the cpr_cpu_data bus is valid debug 
data. 


debug.data^out 


18 


Out 


Output debug data to be muxed on to the PHI/GPIO/other pins 


debug_data_valld 




Out 


Debug valid signal indicating the validity of the data on 
debug_data_out. This signal is used in all debug configurations 


debug,cntrt 


19 


Out 


Control signal for each PHI bound debug data line indicating 
whether or not the debug data should be selected by the pin mux 



As there are no spare pins that can be used to output the debug data to an external capture device some of 
the existing I/Os will have a debug multiplexer placed in front of them to allow them be used as debug 
pins. Unfortunately many of the pins on SoPEC cannot even be multiplexed in this fashion so it will not be 
possible to output a full 32-bit debug data word every cycle. The exact number of pins available for multi- 
plexing had yet to be finalised at the rime of writing. This specification assumes 20 pins will be available 
but this can easily be revised up or, more likely, down. Furthermore not every pin that has a debug mux 
will always be available to carry the debug data as they may be engaged in their primary purpose e.g. as a 
GPIO pin. The RDU therefore outputs a debug_cntrl signal with each debug data bit to indicate whether 
the mux associated with each debug pin should select the debug data or the normal data for the pin.The 
DebugPinSel is used to determine which of the 20? potential debug pins are enabled for debug at any par- 
ticular time. 

As it is not possible to output a full 32-bit debug word every cycle the RDU supports the outputting of an 
n-bit sub- word every cycle to the enabled debug pins. Each debug test would then need to be re-run a num- 
ber of times with a different portion of the debug word being output on the n-bit sub- word each time. The 
data from each run should then be correlated to create a full 32-bit (or whatever size is needed) debug 
word for every cycle. The debug^jdata^yalid and pclkjout signals will accompany every sub-word to allow 
the data to be sampled correctly. The pclkjout signal is sourced close to its output pad rather than in the 
RDU to minimise the skew between the rising edge of the debug data signals (which should be registered 
close to their output pads) and the rising edge of pclk_out. 

As multiple debug runs will be needed to obtain a complete set of debug data the n-bit sub-word will need 
to contain a different bit pattern for each run. For maximum flexibility each debug pin has an associated 
DebugDataSrc register that allows any of the 32 bits of the debug data word to be output on that particular 
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debug data pin. The debug data pin must be enabled for debug operation by having its corresponding bit in 
the DebugPinSel register set for the selected debug data bit to appear on the pin. 

The size of the sub-word is determined by the number of enabled debug pins which is controlled by the 
DebugPinSel register. Note that the debug_data_yalid signal is always output. Furthermore 
debugjcntrl[0] (which is configured by DebugPinSel [0]) controls the mux for both the debugjdata_yalid 
and pclk_out signals as both of these must be enabled for any debug operation. 

The mapping of debug_datajout[n] signals onto individual pins will take place outside the RDU. When 
the exact mapping has been finalised it will be recorded here. A proposed mapping is shown in Table 26 
below. 



Table 26. Example DebugPinSel mapping 







0 


phi_frcik. The debug_ da ta^valid signal will 
appear on this pin when enabled. Enabling this 
pin also automatically enables the phi.readl pin 
which will output the pdk^out signal 


1 


phi_proftle 


2 


phljsyncl 


3 


test pin 1 


4 


test pin2 


5-18 


gpio[0...13) 



Table 27. RDU Configuration Registers 



iiliiii 




IS 


fftfl 




0x80 


DebugSrc 


4 


0x00 


Denotes which block is supplying the debug 
data. The encoding of this block is given below. 
0-MMU 

1 - TIM 

2 - LSS 

3- GPIO 

4- SCB 
5 - ICU 

6- CPR 

7- DIU 

8- PCU 


0x84 


DebugPinSel 


19 


0x0_0000 


Determines whether a pin is used for debug data 
output. A provisional mapping of pin to bit posi- 
tion is given In Table 26. 
1 - Pin outputs debug data 
0 - Normal pin function 


0x88 to OxCC 


DebugOataSrcN 


5 


OxOO 


Selects which bit of the 32-bit debug data word 
will be outputted on debug_data_out[N] 



1 1 .9 Interrupt Operation 

The interrupt controller unit (see chapter 14) generates an interrupt request by driving interrupt request 
lines with the appropriate interrupt level. LEON supports 15 levels of interrupt with level 15 as the highest 
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level (the SPARC architecture manual [32] states that level 15 is non-maskable but we have the freedom to 
mask this if desired). The CPU will begin processing an interrupt exception when execution of the current 
instruction has completed and it will only do so if the interrupt level is higher than the current processor 
priority. If a second interrupt request arrives with the same level as an executing interrupt service routine 
then the exception will not be processed until the executing routine has completed. 

When an interrupt trap occurs the LEON hardware will place the program counters (PC and nPC) into two 
local registers. The interrupt handler routine is expected, as a minimum, to place the PSR register in 
another local register to ensure that the LEON can correctly return to its pre-interrupt state. The 4-bit inter- 
rupt level (irl) is also written to the trap type (tf) field of the TBR (Trap Base Register) by hardware. The 
TBR then contains the vector of the trap handler routine the processor will then jump. The TBA (Trap 
Base Address) field of the TBR must have a valid value before any interrupt processing can occur so it 
should be configured at an early stage. 

Interrupt pre-emption is supported while ET (Enable Traps) bit of the PSR is set This bit is cleared during 
the initial trap processing. In initial simulations the ET bit was observed to be cleared for up to 30 cycles. 
This causes significant additional interrupt latency in the worst case where a higher priority interrupt 
arrives just as a lower priority one is taken. 

The interrupt acknowledge cycles shown in Figure 24 below are derived from simulations of the LEON 
processor and accompanying interrupt controller. This interrupt controller will be replaced by the ICU in 
the SoPEC design. The LEON signal names are used for future reference. An interrupt is asserted by driv- 
ing its (encoded) level on the iui.irl[3:0] signals. The LEON core responds to this, with variable timing, by 
reflecting the level of the taken interrupt on the iuo.irl[3:0] signals and asserting the acknowledge signal 
iuo.intack.The interrupt controller then removes the interrupt level one cycle after it has seen the level been 
acknowledged by the core. If there is another pending interrupt (of lower priority) then this should be 
driven on iuUrl[3:0J and the CPU will take that interrupt (the level 9 interrupt in the example below) once 
it has finished processing the higher priority interrupt. The iuo.irl[3:0] signals always reflect the level of 
the last taken interrupt, even when the CPU has finished processing all interrupts. 

p* rLJTjnjnjn_run_xijn 

iui.irl[3:0] | 0x0 | 0x5 | 0x0 1 

iuo.lrl[30] KSSXS^sSSSSSI 0x5 ~| 



iuo.lntack 



lui.irl[3:0] | 0x9 | 0x8 

iuo.lrl[3:0] | OxA | 0x9 



iuo.intack 



Figure 24. Interrupt acknowledge cycles for a single and pending interrupts 
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11.10 Boot Operation 

See section 17.2 for a description of the SoPEC boot operation. 

11.11 Software Debug 

Software debug mechanisms are discussed in the "SoPEC Software Debug" document [15]. 
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12 Serial Communications Block (SCB) 

12.1 Overview 

The Serial Communications Block (SCB) handles the movement of all data between the SoPEC and the 
host device (i.e. PC) and between master and slave SoPEC devices. The SCB consists of a USB 1.1 device 
controller, an Inter-SoPEC Interface (ISI) and a DMA manager. A block diagram of the SCB is shown in 
Figure 25 below. The major blocks of the SCB, namely the ISI, USB and DMA manager, could be imple- 
mented as separate blocks but are integrated to take advantage of the performance gains and design simpli- 
fications that a tighter coupling allow. 



D+*— ^ 



USB control 



SRAM 



4— ► 



USB 
Controller 



SRAM / 
Regfile 



isLgpiO-doutp :0] 



tsi_gpfo_e[1 :0) 
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SCB 
Control 
Block & 
DMA 
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usb_clk 
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cpu_adrfn:2] 
cpu_dataout[31 :0] 
scb_cpu_data[31 :0] 

cpu_scb_seJ 

cpu_acode[2:0] 
scb_cpu_rdy 
scb_cpu_berr 
dmajcujrq 
Isijcujrq 
usbjcu_irq 

scb_diu_wadr[21 :5] 
scb_diu_data[63:0) 
scb_diu_wreq 
dfu_scb_wack 
scb_diu_wvalid 



-> scb_cpu_debug_valld 



-> isLcpr_reset_n 



prst_n 
pclk 



Figure 25. Serial Communications Block 

The USB Controller will be an imported piece of IP. There are many possible sources of this block but it is 
likely that it will be supplied by the silicon vendor - all three current silicon vendor candidates will supply 
USB 1 . 1 controllers, although some of these have been sourced from a third party. 

The SCB can be seen in the context of the overall SoPEC device in Figure 26 below 
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12.2 Definitions of I/Os 

Table 28. Serial Communications Block I/O 







Tut* iililittVV 




Clocks and Resets 


prst__n 


1 


In 


System reset signal. Active low. 


pdk 


1 


In 


System clock. . 




1 


In 


Clock for the USB controller block. 


isLcpr_reset_n 


1 


Out 


Signal from the ISI indicating that ISI activity has been detected 
while In sleep mode and so the chip should be reset Active low. 


us b_cpr_reset_n 


1 


Out 


Signal from the US8 controller that a US8 reset has occurred. 
Active tow. 


CPU Interface 


cpu_adr[n:2] 


n-1 


In 


CPU address bus. Exact width is currently TBD as it Is dependent 
on the address maps of imported IP * 


cpu_dataout|31 :0] 


32 


In 


Shared write data bus from the CPU | 


scb_cpu_data(31 :0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 




tn 


Common read/hot-wrrte signal from the CPU 


cpujc[2:0] 




In 


CPU Function Code signals. 


cpu_scb_sel 




In 


Block select from the CPU. When cpu_scb_seliz high both cpu_adr 
and cpu_dataout are valid 


scb_cpu_rdy 




Out 


Ready signal to the CPU. When scto_cpu_nfy is high it indicates the 
last cycle of the access. For a write cycle this means cpu_dataout 
has been registered by the SCB and for a read cycle this means the 
data on scb_cpu_data Is valid. 


scb_cpu_ben 




Out 


Bus error signal to the CPU indicating an Invalid access. 


acb_c pu_debug_valid 




Out 


Signal Indicating that the data currently on scb_cpu_data Is valid 
debug data 


Interrupt signals 


dmajcu_irq 




Out 


DMA interrupt signal to the interrupt controller block. 


isijcujrq 




Out 


ISI Interrupt signal to the interrupt controller block. 


usb_lcu_irq 




Out 


USB Interrupt signal to the interrupt controller block. 


DIU interface 


sc b_diu_wad r[21:5] 




Out 


Write address bus to the DIU 


scb_dlu_data[63:0] 


64 ; 


Out 


Data bus to the DIU. 


scb_dtu_wreq 




Out 


Write request to the DIU 


diu_scb_wack 




In 


Acknowledge from the DIU that the write request wa3 accepted. 


scb_diu_wvalid 




Out 


Signal from the SCB to the DIU indicating that the data currently on 
the scb_diu_da ta(63 to) bus is valid 


GPIO Interface 


lsLgpto_doutp:0} 


2 


Out 


ISI output data to GPIO pins 


isi_gpio_e[1:0] 


2 


Out 


ISl output enable to GPIO pins 


gptoj8Ldln(1:0] 


2 


In 


input data from GPIO pins to ISI 
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| 12.3 MULTI-SOPEC SYSTEMS 

While single SoPEC systems are expected to form the majority of SoPEC systems the SoPEC device must 
also support its use in multi-SoPEC systems such as that shown in Figure 27 below. A SoPEC may be 
assigned any one of a number of identities in a multi-SoPEC system. A SoPEC may be one or more of a 
PrintMaster, a Line SyncMaster, an ISIMaster, a StorageSoPEC or an ISISlave SoPEC 



I replacoable 
i Ink cartridge 




prfnth ©ad assembly 



Figure 27. A3 duplex system featuring four printing SoPECs with a single 
SoPEC DRAM device 



12.3.1 ISIMaster device 

The ISIMaster is the only device allowed to drive the common ISI line (see Figure 28) and interfaces 
directly with the host. In most systems the ISIMaster will simply be the SoPEC connected to the USB bus. 
Future systems, however, may employ an ISI-Bridge chip to interface between the host and the ISI bus and 
in such systems the ISI-Bridge chip will be the ISIMaster. There can only be one ISIMaster on an ISI bus. 

1 2.3.2 PrintMaster device 

The PrintMaster device is responsible for co-ordinating all aspects of the print operation. This includes 
starting the print operation in all printing SoPECs and communicating status back to the host. When the 
ISIMaster is a SoPEC device it is also likely to be the PrintMaster as well. There may only be one Print- 
Master in a system and it is most likely to be a SoPEC device. 
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12.3.3 LfneSyncMaster device 

The LineSyncMaster device generates the Isync pulse that all SoPECs in the system must synchronize 
their line outputs with. Any SoPEC in the system could act as a LineSyncMaster although the PrintMaster 
is probably the most likely candidate. It is possible that the LineSyncMaster may not be a SoPEC device at 
all - it could, for example, come from some OEM motor control circuitry. There may only be one LineSyn- 
cMaster in a system. 

12.3.4 Storage device 

For certain printer types it may be realistic to use one SoPEC as a storage device without using its print 
engine capability - that is to effectively use it as an ISI-attached DRAM. A storage SoPEC would receive 
data from the ISIMaster (most likely to be an IS[- Bridge chip) and then distribute it to the other SoPECs as 
required. No other type of data flow (e.g. ISISlave -> storage SoPEC -> ISISlave) would need to be sup- 
ported in such a scenario. The SCB supports this functionality at no additional cost because the CPU han- 
dles the task of transferring outbound data from the embedded DRAM to the ISI transmit buffer. The CPU 
in a storage SoPEC will have almost nothing else to do. 



12.3.5 ISISlave device 



Multi-SoPEC systems will contain one or more ISISlave SoPECs. An ISISlave SoPEC is primarily used to 
generate dot data for the printhead IC it is driving. 



12.3.6 ISI-Bridge device 



SoPEC is targeted at the low-cost small office / home office (SoHo) market It may also be used in future 
systems that target different market segments which are likely to have a high speed interface capability. A 
future device, known as an ISI-Bridge chip, is envisaged which will feature both a high speed interface 
(such as USB2.0, Ethernet or IEEE 13 94) and one or more ISI interfaces. The use of multiple ISI buses 
would allow the construction of independent print systems within the one printer. The ISI-Bridge would be 
the ISIMaster for each of the ISI buses it interfaces to. 



12.3.7 Host device 



The host device will invariably be, but is not required to be, a PC. Any device that can act as a USB host or 
that can interface to an ISI-Bridge chip could be the host device. In particular, with the development of 
USB On-The-Go (USB OTG), it is possible that a number of USB OTG enabled products such as PDAs or 
digital cameras will be able to directly interface with a SoPEC printer. 



12.4 Types of communication 



12.4.1 Communications with host 

The host communicates directly with the ISIMaster in order to print pages. When the ISIMaster is a 
SoPEC, the communications channel is USB LI. 

1 2.4. 1. 1 Host to ISIMaster communication 

The host will need to communicate the following information to the ISIMaster device: 

• Communications channel configuration and maintenance information 

• All data destined for PrintMaster, ISISlave or storage SoPEC devices. This data is simply relayed by 
the ISIMaster 

• Mapping of virtual communications channels, such as USB endpoints, to ISI destination 
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12.4.1.2 ISIMaster to host communication 



The ISIMaster will need to communicate the following information to the host: 

• Communications channel configuration and maintenance information 

• All data originating from the PrintMaster, ISISlave or storage SoPEC devices and destined for the host. 
This data is simply relayed by the ISIMaster 



The host will need to communicate the following information to the PrintMaster device: 

• Program code for the PrintMaster 

• Compressed page data for the PrintMaster 

• Control messages to the PrintMaster 

• Tables and static data required for printing e.g. dead nozzle tables, dither matrices etc. 

• Authenticatable messages to upgrade the printer's capabilities 



The PrintMaster will need to communicate the following information to the host: 

• Printer status information (i.e. authentication results, paper empty/jammed etc.) 

• Dead nozzle information 

• Memory buffer status information 

• Power management status 

• Encrypted SoPEC_id for use in the generation of PRINTER_QA keys during factory programming 



All communication between the host and ISISlave SoPEC devices must take place via the ISIMaster. In 
the case of a SoPEC ISIMaster it is possible to configure each individual USB endpoint to act as a control 
channel to an ISISlave SoPEC if desired, although the endpoints will be more usually used to transport 
data. The host will need to communicate the following information to ISISlave devices over the comms/ 
ISI: 

• Program code for ISISlave SoPEC devices 

• Compressed page data for ISISlave SoPEC devices 

• Control messages to the ISISlave SoPEC (where a control channel is supported) 

• Tables and static data required for printing e.g. dead nozzle tables, dither matrices etc. 

• Authenticatable messages to upgrade the printer's capabilities 



All communication between the ISISlave SoPEC devices and the host must take place via the ISIMaster. 
The ISISlave will need to communicate the following information to the host over the comms/ISl: 

• Responses to the host's control messages (where a control channel is supported) 

• Dead nozzle information from the ISISlave SoPEC. 

• Encrypted SoPEC Jd for use in the generation of PRJNTER^QA keys during factory programming 



1 2.4. 1.3 Host to PrintMaster communication 



12.4. 1.4 PrintMaster to host communication 



12.4.1.5 Host to ISISlave communication 



12.4.1.6 ISISlave to host communication 
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12.4.2 



Communication over ISI 



1X4.2. 1 ISIMaster to PrintMaster communication 



The ISIMaster and PrintMaster will often be the same physical device. When they are different devices 
then the following information needs to be exchanged over the ISI: 

• All data from the host destined for the PrintMaster (see section 12.4.1.3). This data is simply relayed 
by the ISIMaster 



The ISIMaster and PrintMaster will often be the same physical device. When they are different devices 
then the following information needs to be exchanged over the ISI: 

• All data from the PrintMaster destined for the host (see section 12.4.1.4). This data is simply relayed 
by the ISIMaster 



The ISIMaster may wish to communicate the following information to the ISISlaves: 

• All data (including program code such as ISIId enumeration) originating from the host and destined for 
the ISISlave (see section 1 2.4. 1 .5). This data is simply relayed by the ISIMaster 

• wake up from sleep mode 



The ISISlave may wish to communicate the following information to the ISIMaster: 
• All data originating from the ISISlave and destined for the host (see section 12.4. 1.6). This data is sim- 
ply relayed by the ISIMaster 



When the PrintMaster is not the ISIMaster all ISI communication is done in response to ISI ping packets 
(see 12.6.4.5). When the PrintMaster is the ISIMaster then it will of course communicate directly with 
the ISISlaves. The PrintMaster SoPEC may wish to communicate the following information to the ISISla- 
ves: 

• Ink status e.g. requests for dotCount data i.e. the number of dots in each color fired by the printheads 
connected to the ISISlaves 

• configuration of GPIO ports e.g. for clutch control and lid open detect 

• power down command telling the ISISlave to enter sleep mode 

• ink cartridge fail information 

This list is not complete and the time constraints associated with these requirements have yet to be deter- 
mined. 

In general the PrintMaster may need to be able to: 

• send messages to an ISISlave which will cause the ISISlave to return the contents of ISISlave registers 
to the PrintMaster or 

• to program ISISlave registers with values sent by the PrintMaster 

This should be under the control of software running on the CPU which writes messages to the ISI/SCB 
interface. 



12.4.2.2 PrintMaster to ISIMaster communication 



12.4.2.3 ISIMaster to iSiSfave communication 



12.4.2.4 ISISlave to ISIMaster communication 



12.4.2.5 PrintMaster to ISISlave communication 
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12.4.2.6 ISISIave to PrintMaster communication 



I SI Slaves may need to communicate the following information to the PrintMaster: 

• ink status e.g. dotCount data i.e. the number of dots in each color fired by the printheads connected to 
the ISISlaves 

• band related information e.g. finished band interrupts 

• page related information i.e.buffer underrun, page finished interrupts 

• MMU security violation interrupts 

• GPIO interrupts and status e.g. clutch control and lid open detect 

• printhead temperature 

• printhead dead nozzle information from SoPEC printhead nozzle tests 

• power management status 

This list is not complete and the time constraints associated with these requirements have yet to be deter- 
mined. 

As the ISI is an insecure interface commands issued over the ISI should be of limited capability e.g. only 
limited register writes allowed. The software protocol needs to be constructed with this in mind. In general 
ISISlaves may need to return register or status messages to the PrintMaster or ISIMaster. They may also 
need to indicate to the PrintMaster or ISIMaster that a particular interrupt has occurred on the ISISIave. 
This should be under the control of software running on the CPU which writes messages to the ISI block. 



It is currently not anticipated that there will be any direct communication between ISISIave SoPECs. How- 
ever they can communicate indirectly via the ISIMaster SoPEC. The most likely scenario for such a com- 
munication mechanism when the PrintMaster is not the ISIMaster (see sections 12.4.2.5 and 12.4.2.6 for a 
description of the information exchanged between a PrintMaster and an ISISIave). ISISIave to ISISIave 
communication would also be required when sending data stored in a storage SoPEC device to an 
ISISIave. 



The USB1 . 1 interface for the printer should consist of the USB connector, the necessary discretes for USB 
signalling and the SoPEC device. A SoPEC printer will act as a self-powered, full-speed device and 
SoPEC itself will not draw any power from the USB cable. It will support control and bulk transfers. 
Interrupt transfers are not considered necessary because the required interrupt-type functionality can be 
achieved by sending query messages over the control channel on a scheduled basis. There is no require- 
ment to support either isochronous or low-speed transfers. The USB controller must support at least 5 
USB ehdpoints: a control endpoint (endpoint 0) and 4 bulk-data type endpoints. These 4 bulk-data type 
endpoints can be used for the transfer of any type of data: compressed page data, program data or control 
messages. They may also be mapped on to any target destination in a multi-SoPEC system i.e. configura- 
tion is completely programmable. They are envisaged as always being used as USB rN endpoints i.e. they 
will transport data from the host to SoPEC. Any feedback data (e.g. status information) will be returned to 
the host on the control channel (endpoint 0). 

The USB device enumeration process will be handled by the SoPEC CPU and USB controller. Note that 
this requires the on-chip ROM to contain all the required USB driver code. This is not expected to be the 
full USB driver but rather a "USB-lite" driver that has sufficient functionality to download a program to 
DRAM. 

Details of the configuration registers and interface signals will be provided when the implementation IP 
for the USB controller core has been selected. There are several potential candidates for the USB1 . 1 con- 



12.4.2.7 ISISfave to ISISIave communication 



12.5 



USB 
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trollcr that are being evaluated in terms of cost, maturity, licensing requirements/restrictions, quality of 
deliverables etc. - as already mentioned the choice of silicon vendor is likely to play a large part in, select- 
ing the USB controller. 

12.5.1 ISIMaster/ISISIave Identification 

While the USB controller is used for data transfer if a SoPEC is an ISIMaster it may, in certain cases, also 
be used to transfer data to an ISISlave. If the USB is not used for data transfer the device will certainly be 
an ISISlave. In this case the USB pins could be used to identify the device as an ISISlave as the USB 
device controller is expected to allow the single-ended quiescent state of the USB pins to be read by the 
CPU either directly or indirectly (as there should be a register indicating whether the USB controller is 
operating as a full-speed or low-speed device). We adopt the convention that an ISIMaster SoPEC has its 
USB pins configured for full-speed operation (i.e. a pull-up resistor on D+) and an ISISlave SoPEC has its 
USB pins configured for low-speed operation (i.e. a pull-up resistor on D-). This allows the ROM boot- 
code to quickly determine whether the SoPEC is an ISIMaster or ISISlave without needing to wait for 
USB activity. While the ISISlave SoPECs USB controller believes it is a low-speed device it is never used 
and may be disabled completely (if possible) once the device has been identified as an ISISlave. Note that 
other combinations on the EH and D- lines may result in unreliable operation of the USB controller. 

The SoPECs identity as an ISIMaster or ISISlave may also be determined from USB or ISI activity. If 
activity is seen on USB endpoints 2-4 then the device is an ISIMaster (note that it is not neccessarily an 
ISIMaster if activity is only seen on endpoints 0 or 1) and the ISI may automatically configure itself as an 
ISIMaster in this situation. If the ISI receives ping packets then it is an ISISlave as only the ISIMaster can 
send ping packets. 

The most suitable ISIMaster/ISISIave identification scheme (i.e. use of USB pins or looking for USB/ISI 
activity) can be chosen by the software for any given printer. 

12.5.2 Wake-up from sleep mode 

The SoPEC will be placed in sleep mode after a suspend command is received by the USB controller. The 
extent of power-down in sleep mode is currently TBD (different silicon vendors offer different options) 
but it is expected to involve the loss of DRAM contents at a minimum. The USB controller (or portions of 
it) will continue to be powered and clocked in sleep mode. It is likely that a USB reset, as opposed to a 
device resume, will be required to bring SoPEC out of its sleep state as the sleep state is hoped to be logi- 
cally equivalent to the power down state. The exact reawakening mechanism will be finalised when the 
sleep state is more precisely defined and the particular implementation of the USB controller is chosen. 

The USB reset signal originating from the USB controller will be propagated to the CPR (as 
usb_cpr_resetjn) if the USBWakeupEnable bit of the WakeupEnable register (see Table 38) has been set. 
The USBWakeupEnable bit should therefore be set just prior to entering sleep mode. 

There are no conditions that require the SoPEC to initiate a USB device wake-up (i.e. where SoPEC sig- 
nals resume to the host after being suspended by the host). 

12.5.3 USB Speed 

The USB speed will be determined by amount of activity from other devices that share the USB bus with 
the printer and the responsiveness of the host in handling USB interrupts. To guarantee bandwidth to the 
printer it is recommended that no other devices are active on the USB bus between the printer and the host. 
If the printer is connected to a USB2.0 host or hub it may limit the bandwidth available to other devices 
connected to the same hub but it would not significantly affect the bandwidth available to other devices 
upstream of the hub. Used in the recommended configuration it is expected that an effective bandwidth of 
8-9 Mbit/s will be achieved. 
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12.6 (SI (Inter SoPEC Interface) 

The ISI is utilised in all system configurations requiring more than one SoPEC. An example of such a sys- 
tem which requires four SoPECs for duplex A3 printing and an additional SoPEC used as a storage device 
is shown in Figure 27. 

The ISI performs much the same function between an ISISlave SoPEC and the ISIMaster as the USB con- 
nection performs between the ISIMaster and the host. This includes the transfer of all program data, com- 
pressed page data and message (i.e. commands or status information) passing between the ISIMaster and 
the ISISlave SoPECs. Existing requirements indicate that it is sufficient for the ISIMaster to initiate all 
communication with the ISISlaves. 

12.6.1 ISIMaster/lSISIave identification and ISISlave enumeration 

Section 12.5.1 details how a SoPEC is configured as an ISIMaster or ISISlave. The ISIId is established by 
software downloaded over the ISI (in broadcast mode) which looks at the input levels on a number of 
GPIO pins to determine the ISIId. For any given printer that uses a multi-SoPEC configuration it is 
expected that there will always be enough free GPIO pins on the ISISlaves to support this enumeration 
mechanism. 

12.6.2 Wake-up from sleep mode 

Either the PrintMaster SoPEC or the host may place any of the ISISlave SoPECs in sleep mode prior to 
going into sleep mode itself. The ISISlave device should then ensure that its ISlWakeupEnable bit of the 
WakeupEnable register (see Table 38) is set prior to entering sleep mode. In an ISISlave device the ISI 
block will continue to receive power and clock during sleep mode so that it may monitor the gpioJtei_din 
lines for activity. When ISI activity is detected during sleep mode and the ISlWakeupEnable bit is set the 
ISI asserts the isi_cpr_reset_n signal. This will bring the rest of the chip out of sleep mode by means of a 
wakeup reset. See chapter 16 for more details of reset propagation. 

12.6.3 ISI speed 

The ISI will need to run at speed that will allow error free transmission on the PCB while minimising the 
buffering and hardware requirements on SoPEC. While an ISI speed of 10 Mbit/s is adequate to match the 
effective USB1.1 bandwidth it would limit the system performance when a high-speed connection (e.g. 
USB2.0, IEEE1394) is used to attach the printer to the PC. Although they would require the use of an extra 
ISI-Bridge chip such systems are envisaged for more expensive printers (compared to the low-cost basic 
SoPEC powered printers that are initially being targeted) in the future. 

An ISI line speed (i.e. the speed of each individual ISI wire) of 32 Mbit/s is therefore proposed as it will 
allow ISI data to be oversampled 5 times (at a pclk frequency of 160MHz). The total bandwidth of the ISI 
will depend on the number of pins used to implement the interface. The current expectation is that two 
pins will be used, giving a peak raw bandwidth of 64 Mbit/s, and this is the scenario that is used in this 
document. However the ISI protocol will work equally well if four pins are used for transmission/recep- 
tion and this would give a peak raw bandwidth of 128 Mbit/s. The number of pins available for the ISI is 
currently under investigation as part of the package selection process. With either a two or four pin ISI 
solution a 32 Mbit/s line speed would allow the movement of data in to and out of a storage SoPEC (as 
described in 12.3.4 above), which is the most bandwidth hungry ISI use, in a timely fashion. 

The maximum effective bandwidth of a two wire ISI, after allowing for protocol overheads and bus turn- 
around times, is expected to be approx. 50 Mbit/s. 
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12.6.4 ISI protocol 

The ISI is a serial interface utilizing a two wire half-duplex configuration as shown in Figure 28 below. An 
ISIMaster must always be present and up to 14 ISI Slaves may also be on the ISI bus. The ISI bus enables 
broadcasting of data, ISIMaster to ISISIave communication, ISISIave to ISIMaster communication and 
ISISIave to ISISIave communication. Flow control, error detection and retransmission of errored packets is 
also supported. ISI transmission is asynchronous and a Start field is present in every transmitted packet to 
ensure synchronization for the duration of the packet. Bit-stuffing is required as it is expected that synchro- 
nization cannot be guaranteed for the length of the longest allowed packet 1 Open Issue: This should be 
confirmed with the spec of the crystal used with SoPEC. We may wish to constrain the spec of xtalin and 
also xtalin for the ISI-Bridge chip to ensure the ISI cannot drift out of sync during packet reception. 
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Figure 28. ISI configuration with four SoPEC devices 

To maximize the effective ISI bandwidth while minimising pin requirements a two wire half-duplex inter- 
leaved transmission scheme is used. Figure 29 below shows how a 16-bit word is transmitted from an ISI- 
Master to an ISISIave. Data is interleaved on a bit-by-bit basis over the two ISI lines and this requires all 
ISI packets to be an even number of bits in length. This interleaving could easily be extended to four pins 
if required. 

All ISI transactions are initiated by the ISIMaster and every non-broadcast data packet needs to be 
acknowledged by the addressed recipient. An ISISIave may only transmit when it receives a ping packet 
(see section 1 2.6.4. 5) addressed to it. To avoid bus contention all ISI devices must wait one bit-time (5 pclk 
cycles) after detecting the end of a packet before transmitting a packet (assuming they are required to 
transmit). All non-transmitting ISI devices must tristate their Tx drivers to avoid line contention. A pull-up 
resistor is therefore required on both ISI lines to reduce the possibility of false data detection. The ISI pro- 
tocol is defined to avoid devices driving out of order (e.g. when an ISISIave is no longer being addressed). 
As the ISI will use standard I/O pads there will be no physical collision detection mechanism. 



1 . Current max packet size **« 290 bits = 145 bits per line (on a 2 wire ISI) - 725 1 60MHz cycles. Thus the pclks in the two communicat- 
ing ISI devices should not drift by more than one cycle in 725 i.e. 1379 ppm. Careful analysis of the crystal, PLL and oscillator specs 
and the sync detection circuit is needed here to ensure our solution is robust 
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Figure 29. Half-duplex interleaved transmission from ISIMaster to ISISIave 

There are three types of ISI packet: a long packet (used for data transmission), a ping packet (used by the 
ISIMaster to prompt ISISlaves for packets) and a short packet (used to acknowledge receipt of a packet). 
All ISI packets are delineated by a Start and Stop fields and transmission is atomic i.e. an ISI packet may 
not be split or halted once transmission has started 



12.6.4. 1 /S/ transactions 



The different types of ISI transactions are outlined in Figure 30 below. As described later all NAKs are 
inferred and ACKs are not addressed to any particular ISI device. 
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Transaction 2: Ping packet to an addressed ISISIave. ISISIave has nothing to send 
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Transaction 3: Ping packet to an addressed ISISIave. ISISIaveA responds with a Ions packet to 
ISlSIaveB and ISISIaveB responds with an ACK or NAK. 
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Transaction 4: Ping packet to an addressed ISISIave, ISISIaveA responds with a long packet to 
the ISIMaster and the ISIMaster responds with an ACK or NAK. 

Figure 30. ISI transactions 

1 2.6.4. 2 Start field description and bit stuffing 

The Start field serves two purposes: To allow the start of a packet be unambiguously identified and to 
allow the receiving device synchronise to the data stream. The symbol, or data value, used to identify a 
Start field must not legitimately occur in the ensuing packet Bit stuffing is used to guarantee that the Start 
symbol will be unique in any valid (i.e. error free) packet. The Start symbol should therefore be suffi- 
ciently long to ensure that the bit stuffing overhead is low but should still be short enough to reduce its own 
contribution to the packet overhead A Start bit length of 8 bits is therefore used as it is an effective com- 
promise between these two constraints. The Start field, like every byte in a packet, is transmitted with its 
rightmost Qsb) bit first. 

If the correct symbol value is used bit stuffing offers the further advantage of forcing transitions on the ISI 
lines which will allow synchronization be maintained. Unfortunately a symbol value that is good for forc- 
ing transitions (e.g. 0x00) is not good for guaranteeing initial synchronization and vice versa i.e. a symbol 
such as OxAA would ensure initial synchronization but cannot prevent synchronization being tost if a long 
run of zeroes or ones is subsequently transmitted. 

To resolve this conflict the Start symbol will be OxAA and three different types of bit stuffing are used. 
Whenever OxAA is encountered in the data stream a 0 is inserted before the msb resulting in the 9-bit 
value 0xl2A (Le. blOlOlOlO -> blOOlOlOlO). To ensure transitions occur during a long run of zeroes a l 
is inserted after 7 zeroes thus 0x00 becomes 0x080 (i.e. bOOOOOOOO -> bO 1 0000000). Likewise to ensure 
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S3 



transitions will occur during a run of ones a 0 is inserted after 7 ones and so OxFF becomes 0xl7F (i.e. 
bll 1 1 1 11 1 -> blOll 1 1 1 1 1). The receiving IS1 device must detect these special values and strip out the 
inserted ones and zeroes. 

Note that any violation of bit stuffing will result in the FrameError status bit being set and the incoming 
packet will be treated as an errored packet. Furthermore if the Start field is not received as OxAA the 
FrameError status bit is set and incoming data is discarded until a correct Start field is detected 
In a truly random data such a bit stuffing scheme could cause an overhead of approx. 0.15%. While the 
data transmitted over the ISI will not be truly random (0x00 and OxFF are likely to occur more often than 
they would in a random data set) the overhead should remain low and will never exceed 11.1% (i.e. 1 in 
every 9 bits). 

12.6.4.3 Stop field description 

A 2-bit Stop field (= bl I ) is used to ensure that both lines return to the high state before the next packet is 
transmitted. Two bits are required because the Stop field will be interleaved over both ISI lines (4 bits 
would be used in a 4 wire ISI). The Stop field is not subject to bit stuffing because bit stuffing could result 
in the final transmitted bit being a 0 on one of the ISI lines. 

1 2. 6.4. 4 ISi long packet description 

The format of a long ISI packet is shown in Figure 31 below. Data may only be transferred between ISI 
devices using a long packet as both the short and ping packets have no payload field. Except in the case of 
a broadcast packet, the receiving ISI device will always reply to a long packet with either an explicit ACK. 
(no error detected in received packet) or an inferred NAK. (an error was detected in the received packet). 



b2 



bO b4 



4 bits 1 bit 




ISIId 



bO 



ISISublo* 



Address 



PayJoad 



CRC 



Stop 



8 bits 3 bits 5 bits 256 bits 16 bits 2 bits 

Figure 31. ISI long packet 
All long packets begin with the Start field as described earlier. The PtoDesc field is described in Table 29. 
Table 29. PktDesc field description 



Packet type indicator: 
1 - Short packet 

0 - Non-short (i.e. lonfl/ping) packet 
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Table 29. PktDesc field description 




Hi 




1 


1 


Data payload present indicator j 
1 - This packet contains payload (I.e. long packet) 
0 - This packet has no payload 


1 


2 


Sequence bit value. Onfy valid for long packets. See section 12.6.4.8 tor a 
description of sequence bit operation 



Any ISI device in the system may transmit a long packet but only the ISIMaster may initiate an ISI trans- 
action using a long packet. An ISISlave may only send a long packet in reply to a ping message from the 
ISIMaster. A long packet from an ISISlave may be addressed to any ISI device in the system although the 
ISIMaster (or the PrintMaster if it is a different device) will be the usual recipient. 

The Address field is straightforward and complies with the ISI naming convention described in section 
12.7. 

The payload field is exactly what is in the transmit buffer of the transmitting ISI device and gets copied 
into the receive buffer of the addressed ISI device(s). When present the payload field is always 256 bits. 
To ensure strong error detection a 16-bit CRC is appended This CRC is calculated over the entire packet 
(excluding the Start and Stop fields). The HDLC standard CRC-16 (i.e. C(x) ~ x 16 +x 12 + x 5 +/) is to be 
used for this calculation, which is to be performed serially. 




12.6.4.5 ISi ping packet 



The ISI ping packet is used to allow ISISlaves transmit on the ISI bus. As can be seen from Figure 32 
below the ping packet is cab be viewed as a special case of the long packet. In other words it is a long 
packet without any payload, whose PktDesc field is always bOOO and whose ISISubld is always 1 The 
ISISubld is unused in ping packets because the ISIMaster is addressing the ISI device rather than one of 
5? Channds in device ' ^ ISISlave ^ **&ess any ISIId.ISISubld in response if it wishes 
The ISISbmwdl respond to a ping packet with either an explicit ACK (if it has nothing to send), an 
interred NAK (if it detected an error in the ping packet) or a long packet (containing the data it wishes to 
send). Note that inferred NAKs do not result in the retransmission of a ping packet This is because the 
ping packet will be retransmitted on a predetermined schedule (see 12.6.4.10 for more details) 



b2 bO b4 4p ' ts 1 bit 



bOOO 


I 


ISIId 


1 




\ 




Start 


Pkt 
Desc 


Address 


CRC 


Stop 



' — : — I — J 1 I 

8 bits 3 bits 5 bits 16 bits 2 bits 



Figure 32. ISI ping packet 

An ISISlave should never respond to a ping message to the broadcast ISIId as this must have been sent in 
error. An ISI ping packet will never be sent in response to any packet and may only originate from an ISI- 
Master. • * 
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12.6.4.6 IS! short packet description 

The ISI short packet is only 14 bits long, including the Start and Stop fields. A value of b 1001 is proposed 
for the ACK symbol. As a 16-bit CRC is inappropriate for such a short packet it is not used. In fact there is 
only one valid value for a 14-bit short ACK packet as the Start, ACK and Stop symbols all have fixed val- 
ues. Short packets are only used for acknowledgements (i.e explicit ACKs). The format of a short ISI 
packet is shown in Figure 33 below. 



Start 


Ack 
Symbol 


Stop 


ii it 


8 bits 


4 bits 


2 bits 



Figure 33. Short ISJ packet 

12. 6.4. 7 Error detection and retransmission 

The 16-bit CRC will provide a high degree of error detection and the probability of transmission errors 
occurring is very low as the transmission channel (i.e. PCB traces) will have a low inherent bit error rate. 
The number of undetected errors should therefore be minute. A simple retransmission mechanism frees 
the CPU from getting involved in error recovery for most errors because the probability of a transmission 
error occurring more than once in succession is very, very low in normal circumstances. 

After each non-short ISI packet is transmitted the transmitting device will open a reply window. The size 
of the reply window will be 9 bit times (i.e. 14 bits transmitted on two wires plus 2 bit times to allow for 
bus turnarounds and timing differences) when a short packet is expected and 147 bit times (i.e. 290 bits 
transmitted on two wires plus 2 bit times to allow for bus turnarounds and timing differences) when a long 
packet is expected in reply. 

When a packet has been received without any errors the receiving ISI device must transmit its acknowl- 
edge packet (which may be either a long or short packet) before the reply window closes. When detected 
errors do occur the receiving ISI device will not send any response. The transmitting ISI device interprets 
this lack of response as a NAK indicating that errors were detected in the transmitted packet or that the 
receiving device was unable to receive the packet for some reason. If a long packet was transmitted the 
transmitting ISI device will keep the transmitted packet in its transmit buffer for retransmission. If the 
transmitting device is the ISIMaster it will retransmit the packet immediately while if the transmitting 
device is an ISISlave it will retransmit the packet in response to the next ping it receives from the ISIMas- 
ter. 

The transmitting ISI device will continue retransmitting the packet when it receives a NAK until it either 
receives an ACK or the number of retransmission attempts equals the value of the NumRetries register. If 
the transmission was unsuccessful then the transmitting device sets the TxError bit in its ISTStatus register. 
The receiving device also sets the RxError bit in its ISIStatus register whenever it detects NumRetries + 1 
errored packets in succession. The NumRetries registers in all ISI devices should therefore be set to the 
same value for consistent operation. Note that successful transmission or reception of ping packets do not 
affect retransmission operation. Open Issue: In the case of an ISI device receiving a packet in error from 
an ISISlave the NumRetries count will be reset if it subsequently receives an error free packet from any ISI 
device (which may not be the ISISlave that transmitted the errored packet). Thus the RxError operation is 
only effective for ISIMaster to ISISlave transactions as these are the only ones where retransmissions will 
be sequential. Either we live with this or we could implement a NumRetriesCount window which would 
allow all NAKs within a specified window to be counted If NumRetries is exceeded within this window 
then we have a RxError otherwise we can reset the count. 
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Note that either a transmit or receive error will cause the ISI to stop transmitting or receiving respectively. 
CPU intervention will be required to resolve the source of the problem and to restart the ISI transmit or 
receive operation. Transmit or receive errors should be extremely rare and their occurrence will most 
likely indicate a serious problem. 

Note that broadcast packets are never acknowledged to avoid contention on the common ISI lines. If an 
ISISlave detects an error in a broadcast packet it must use the message passing mechanism described ear- 
lier to alert the ISIMaster to the error. 

12.6.4.8 Sequence bit operation 

To ensure that communication between transmitting and receiving ISI devices is correctly ordered a 
sequence bit is included in every long packet to keep both devices in step with each other. Sequence bits 
are not used for short or ping packets as they are not used for data transmission. In addition to the transmit- 
m ted sequence bit all ISI devices keep two local sequence bits, one for each ISISubld. Furthermore each ISI 
device maintains a transmit sequence bit for each ISIId and ISISubld it is in communication with. For 
packets sourced from the host (via USB) the transmit sequence bit is contained in the relevant USBEPnD- 
est register while for packets sourced from the CPU the transmit sequence bit is contained in the 
CPUlSITxBuffCntrl register. The sequence bits for received packets are stored in DMAOSeqBit and 
DMAISeqBit registers. All ISI devices will initialise their sequence bits to 0 after reset. It is the responsi- 
bility of software to ensure that the sequence bits of the transrnitting and receiving ISI devices are cor- 
rectly initialised each time a new source is selected for any ISIId.ISISubld channel. 

Sequence bits are not used in all broadcast and ping packets. Each SoPEC may also ignore the sequence 
bit on either of its ISISubld channels by setting the appropriate bit in the SequenceMask register. The 
sequence bit should be ignored for ISISubld channels that will carry data that can originate from more 
than one source and is self ordering e.g. control messages. 

A receiving ISI device will toggle its sequence bit addressed by the ISISubld only when the receiver is 
able to accept data and receives an error-free data packet addressed to it. The transmitting ISI device will 
toggle its sequence bit for that ISIId.ISISubld channel only when it receives a valid ACK handshake from 
the addressed ISI device. 

Figure 34 shows the transmission of two long packets with the sequence bit in both the transmitting and 
receiving devices toggling from 0 to 1 and back to 0 again. The toggling operation will continue in this 
manner in every subsequent transmission until an error condition is encountered. 



Transmitting Receiving 
ISI Device ISI Device 




Figure 34. Successful transmission of two long packets with sequence bit toggling 
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When the receiving ISI device detects an error in the transmitted long packet or is unable to accept the 
packet (because of full buffers for example) it will not return any packet and it will not toggle its local 
sequence bit An example of this is depicted in Figure 35. The absence of any response prompts the trans- 
mitting device to retransmit the original (seq=0) packet. This time the packet is received without any errors 
(or buffer space may have been freed) so the receiving ISI device toggles its local sequence bit and 
responds with an ACK. The transmitting device then toggles its local sequence bit to a 1 upon correct 
receipt of the ACK. 



Transmitting Receiving 
ISI Device ISI Device 




Figure 35. Sequence bit operation with errored long packet 

However it is also possible for the ACK packet from the receiving ISI device to be corrupted and this sce- 
nario is shown in Figure 36. In this case the receiving device toggles its local sequence bit to 1 when then 
long packet is received without error and replies with an ACK to the transmitting device. The transmitting 
device detects an error in the ACK packet and so will not change its local sequence bit. It then retransmits 
the seq=0 long packet. When the receiving device finds that there is a mismatch between the transmitted 
sequence bit and the expected (local) sequence bit is discards the long packet and replies with an ACK, 
When the transmitting ISI device correctly receives the ACK it updates its local sequence bit to a 1 , thus 
restoring synchronization. Note that when the SequenceMask bit for the addressed ISISubld is set then the 
retransmitted packet is not discarded and so a duplicate packet will be received. The data contained in the 
packet should be self-ordering and so the software handling these packets (most likely control messages) 
is expected to deal with this eventuality. 



Transmitting 
ISI Device 




Receiving 
ISI Device 


0 










0-> 1 
1 


0 






0 





1 
1 


0-> 1 


— * 





Figure 36. Sequence bit operation with ACK error 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 1 1 8 




SoPEC : Hardware Design 



1Z6.4.9 Flow control 

The ISI also supports flow control by treating it in exactly the same manner as an error in the received 
packet Because the SCB enjoys greater guaranteed bandwidth to DRAM than both the ISI and USB can 
supply flow control should not be required during normal operation. Any blockage on a DMA channel will 
soon result in the NumRetries value being exceeded and transmission to that DMA channel being halted. 
Because flow control is treated in the same manner as an error in the received packet neither the transmit- 
ting nor the receiving ISI device will be able to differentiate the cause of a TxErrvr or RxError, 




12.6.4.10 Auto-ping operation 

While the CPU of the ISIMaster could send a ping packet by writing the appropriate header to the 
CPUISITxBuffCntrl register it is expected that all ping packets will be generated in the ISI itself. The use 
of automatically generated ping packets ensures that ISISlaves will be given access to the ISI bus with a 
programmable minimum guaranteed frequency in addition to whenever it is idle. Five registers facilitate 
the automatic generation of ping messages within the ISI: PingScheduleO, PingSchedulel, PingSchedule2, 
ISITotalPeriod and ISILocalPeriod, Auto-pinging can be enabled or disabled by writing to the AutoPin- 
gEnable bit of the ISICntrl register. 

Each bit of the 1 4-bit PingScheduleN register corresponds to an ISHd that is used in the Address field of 
the ping packet and a 1 in the bit position indicates that a ping packet is to be generated for that ISIId. A 0 
in any bit position will ensure that no ping packet is generated for that ISIId As ISISlaves may differ in 
their bandwidth requirement (particularly if a storage SoPEC is present) three different PingSchedule reg- 
isters are used to allow an ISISlave receive up to three times the number of pings as another active 
ISISIave. When the ISIMaster is not sending long packets (sourced from either the CPU or USB in the 
case of a SoPEC ISIMaster) ISI ping packets will be transmitted according to the pattern given by the three 
PingScheduleN registers. The ISI will start with the lsb of PingScheduleO register and work its way from 
Isb through msb of each of the PingScheduleN registers. When the msb of PingSchedule 2 is reached the 
ISI returns to the lsb of PingScheduleO and continues to cycle through each bit position of each Ping- 
ScheduleN register. 

With the addition of auto-ping operation we now have three potential sources of packets in an ISIMaster 
SoPEC: USB, CPU and auto-ping. Arbitration between the CPU and USB for access to the ISI is handled 
outside the ISI (see section 12.7.7) but arbitration between auto-ping packets and CPU/USB originating 
packets, which we will refer to as local packets, happens within the ISI. To ensure that local packets get 
priority whenever possible and that ping packets can have some guaranteed access to the ISI we use two 4- 
bit counters whose reload value is contained in the ISITotalPeriod and ISILocalPeriod registers. As we will 
see in 1 2.6.4. 1 every ISI transaction is initiated by the ISIMaster transmitting either a long packet or a ping 
packet. The ISITotalPeriod counter is decremented for every ISI transaction when contention occurs (i.e. 
both a ping and a local packet wish to transmit) while the ISILocalPeriod counter is decremented for every 
local packet that is transmitted. Neither counter is decremented by a retransmitted packet. 

The amount of guaranteed ISI bandwidth allocated to both local and ping packets is determined by the val- 
ues of the ISITotalPeriod and ISILocalPeriod registers. Local packets will always be given priority when 
the ISILocalPeriod counter is non-zero. Ping packets will be given priority when the ISILocalPeriod 
counter is zero and the ISITotalPeriod counter is still non-zero. Both the ISITotalPeriod and ISILocalPe- 
riod counters are reloaded by the next local packet transmit request after the ISITotalPeriod counter has 
reached zero. This reload policy minimises the maximum latency for ping packets at the expense of maxi- 
mum latency for local packets. 

Note that ping packets are quite likely to get more than their guaranteed bandwidth as they will be trans- 
mitted whenever the ISI bus is idle (i.e. no pending local packets) and so do not decrement either counter. 
Local packets on the other hand will never get more than their guaranteed bandwidth because each local 
packet transmitted decrements both counters. The difference between the values of the ISITotalPeriod and 
ISILocalPeriod registers determines the number of automatically generated ping packets that are guaran- 
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teed to be transmitted every [SITotalPeriod number of ISI transactions. If the ISITotalPeriod and ISILo- 
calPeriod values are the same then the local packets will always get priority and could totally exclude ping 
packets if the CPU always has packets to send. * 

For example if ISITotalPeriod r» OxC; ISILocalPeriod = 0x8; PingScheduleO - 0x07; PingSchedulel = 
0x06 and PingSchedule2 = 0x04 then four ping messages are guaranteed to be sent in every 12 ISI transac- 
tions. Furthermore ISIId3 will receive 3 times the number of ping packets as ISIdl and ISIId2 will receive 
twice as many as ISIdl. Thus over a period of 36 contended ISI transactions (allowing for two full rota- 
tions through the three PingScheduleN registers) when local packets are always pending 24 local packets 
will be sent, ISIdl will receive 2 ping packets, ISId2 will receive 4 pings and ISId3 will receive 6 ping 
packets. If local traffic is less frequent then the ping frequency will automatically adjust upwards to con- 
sume all idle ISI bandwidth. 



12.6.4. 11IISI Registers 

Table 30 below details the ISI configuration registers. Note that some of these registers are also used 
other blocks in the SCB. 



Table 30. ISI configuration registers 









m 


mm 




0x00 




ISICntrl 


5 


0x2 


ISI Control register 


0x04 


iSlld 


4 


0x1 


ISlld lor this SoPEC. A value of 0 Indicates the 
device Is an ISI Master. Note that the SoPEC resets 
to being an ISISlave and that OxF (the broadcast 
ISlld) is an illegal value and should not be written to 
this register. 


0x08 


NumRetries 


4 


0x02 


Number of retransmissions to attempt In response to 
a NAK before aborting a long packet transmission 


OxOC 


ISIPmgSchedufeO 


14 


0x0000 


Denotes which ISI Ids will be receive ping packets. 
Note that bltO refers to ISlldl, WM to ISlld2...bit13 to 
ISIW14. 


0x10 


ISlPingSchedulal 


14 


0x0000 


As per PingSchodutaO 


0x14 


IS!PingSchddule2 


14 


0x0000 


As per PingScheduleO 


0x18 


ISITotalPeriod 


4 


OxF 


Reload value of the ISITotalPeriod counter 


0x1 C 


ISILocalPeriod 


4 


OxF 


Reload value of the ISILocalPeriod counter 


0x20 


ISIStatus 


6 


0x00 


ISI Status register. This register is Readonly. 


0x24 


iSlMask 


6 


0x00 


ISI Interrupt Mask register 


0x30 - 0x4C 


CPUISITxBuff 


32 


n/a 


32-byte CPUISI transmit buffer 


0x50 


CPUISITxBuffCntri 


13 


0x0000 


Control register for the CPUISI transmit buffer 


0x60 - 0x7C 


CPU! SI RxB Lift 


32 


n/a 


32-byte ISI receive buffer. This is the half of the dou- 
ble buffer that contains the oldest data. 


0x80 


ISIRxBuffDest 


1 


0x0 


Only one of the CPU and the DMA manager is 
allowed to empty the receive buffer at any time. 
1 b CPU will empty the receive buffer 
0 = DMA manager will empty the receive buffer 



12.6.4.11.1 ISI control register 

The ISICntrl register is described in Table 31 below. Note that the reset value of this register allows the 
SoPEC to automatically become an ISIMaster (AutoMosterBnable - 1) if any USB packets are received on 
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endpoints 2-4. On becoming an ISIMaster the ISHd register is set to 0, the TxEnable bit of the ISICntrl reg- 
ister is set and any USB or CPU packets destined for other ISI devices are transmitted. The CPU can over- 
ride this capability at any time by clearing the AutohtasterEnable bit. Automatic ping operation can only 
be enabled by the CPU as the reset values of the PingScheduleN registers are all 0 and neither DMA chan- 
nel is automatically configured. 

Table 31 . ISICntrl register 



TxEnable 


0 


Enables IS! transmission of long or ping packets. This is cleared by 
transmit errors and so needs to be restarted by the CPU. Note that 
ACKs may still be transmitted when this bit is 0. 
1 » Transmission enabled 
0 o Transmission disabled 


RxEnable 


1 


Enables ISI reception. This is cleared by receive errors and so 
needs to be restarted by the CPU. 
1 = Reception enabled 
0 = Reception disabled 


AirtoPing Enable 


2 


Enables auto-ping operation 
1 = auto-ping enabled 
0 a auto-ping disabled 


AutoMasterEnabte 


3 


Enables the device to automatically become the ISIMaster if activ- 
ity Is detected on USB endpoints2-4. 
1 = autcwnaster operation enabled 
0 = auto-master operation disabled 



1 2.6.4.1 1 .2 ISI status register 

The ISIStatus register is read-only to the CPU. Status bits are set by the relevant condition occurring and 
are cleared by writing to either the TxEnable or RxEnable bits of the ISICntrl register or the CPUISITx- 
Buff. 

Table 32. ISIStatus register 



FrameError 


mm 


Framing error detected In the received packet. This can be caused 
by an incorrect Start or Stop field or by bit stuffing errors 


RxError 


1 


A CRC error or flow control condition was detected In NumRe- 
successive packets (excluding ping packets) 


RxBuffFulJ 


2 


There is no space remaining in the receive double buffer 


RxBuffOverflow 


3 


An overflow has occurred In the ISI receive buffer and a packet had 
to be dropped. 


CPUISITxBuffEmpty 


4 


The CPUISITxBuff is empty 


TxError 


5 


Transmission error. Receiving ISI device would not accept the 
transmitted packet. Only set after NumRetries unsuccessful 
retransmissions (excluding ping packets). 



Doc: SoPEC_nardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 121 




SoPEC : Hardware Design 



12.6.4.11.3 ISI mask register 

An interrupt will be generated in an edge sensitive manner i.e the ISI will generate an isijcujrq pulse 
each time a status bit goes high and the corresponding bit of the ISIMask register is enabled. 



Table 33. ISIMask register 







FrameErrorintEn 


0 


Interrupt enable mask bit for the FrameError status bit 


RxErrorintEn 


1 


Interrupt enable mask bit tor the RxError status bit 


RxBuffFufllntEn 


2 


Interrupt enable mask bit for the RxBuffFull status bit ! 


RxBuffOve rfiowlntEn 


3 


Interrupt enable mask bit for the RxBuffOverflow status bit | 


CPUISITxBuffEmpty- 
IntEn 


4 


Interrupt enable mask bit for the CPUISiTxBuffEmpty status bit 


TxErrorfntEn 


5 ! 


Interrupt enable mask bit for the TxError status bit 



12.6.4.11.4 CPUISlTxBuffCntrl register 

The CPUISlTxBuffCntrl register contains the header field for the packet in the CPU1SI transmit buffer. 
Writing to this buffer validates the contents of the CPUISI transmit buffer i.e. each time the CPU places a 
packet in the CPUISI transmit buffer it must write the packet header to this register to initiate its transfer in 
to the SCB transmit buffer (see section 12.7). Note that the CPU is responsible for toggling the sequence 
bit of any long packets it wishes to transmit. The CPUISiTxBuffEmpty status bit will be set when CPUTx- 
PktSize bytes have been transferred to the SCB transmit buffer. 



Table 34. CPUISlTxBuffCntrl register 



wwmm 


EHE1 




PktDesc 


2:0 


PktDesc field (as per Table 29) for the packet currently in the CPU- 
ISI transmit buffer. 


DestlSISubld 


3 


fndicates which DMAChannel of the target SoPEC the data In the 
CPUISI transmit buffer is destined for: 

0 » DMAChannelO 

1 a DMAChanneh 


DestlSMd 


7:4 


Denotes the ISIId of the target SoPEC as per Table 35 



12.7 SCB Mapping 

In order to support maximum flexibility when moving data through a multi-SoPEC system it is possible to 
map any USB endpoint onto either DMAChannel within any SoPEC in the system. A logicai view of the 
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SCB is shown in Figure 37. This view differs from the likely implementation but it allows for a clearer 
depiction of data movement within the SCB. 



SCB 



CPUISI 
TxBuffer 



USB 
Host 



USB 

Controller 



SCB 

Control 

Block 



CPU Subsystem Bus 



SCB 

TxBuffer 
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Map 



CPU 



DMA 
Manager 



Ch^nnejO^ 



Ch4rvwtl 



ISI 



DiU 



isLdin 



-> fsLdout 



Figure 37. SCB logical view 

The SCB map, and indeed the SCB itself is based around the concept of an ISIId and an ISISubld. Each 
SoPEC in the system has a unique ISIId and two ISlSublds, namely ISISubldO and ISISubldl . We use the 
convention that ISISubldO corresponds to DMACbannelO in each SoPEC and ISISubldl corresponds to 
DMAChannell. The naming convention for the ISIId is shown in Table 35 below and this would corre- 
spond to a multi-SoPEC system such as that shown in Figure 27. We use the term ISIId instead of SoPE- 
Cld to avoid confusion with the unique ChipID used to create the SoPECJd and SoPECJdJcey (see 
chapter 17 and {9] for more details). 

Table 35. ISIId naming convention 







0 


ISI Master (typically a SoPEC connected to the host via US81.1) 


1 -14 


ISISIave1-14 


15 


Broadcast ISIId 



The combined ISIId and ISISubld therefore allow us to address any DMAChannel in the system. The ISI, 
DMA manager and SCB map hardware use the ISIId and ISISubld to handle the different data streams that 
are active in a multi-SoPEC system as does the software running on the CPU of each SoPEC. In this docu- 
ment we will identify DMAChannels as ISIxy where x is the ISIId and y is the ISISubld Thus ISI2.1 
refers to DMAChannell of ISISlave2. Any data sent to a broadcast channel, i.e. ISU5.0 or ISI15.1, are 
received by every ISI device in the system including the ISIMaster (which may be an ISI-Bridge). 

The USB controller and software stacks however have no understanding of the ISIId and ISISubld but the 
Silverbrook printer driver software running on the host PC does make use of the ISIId and ISISubld. USB 
is simply used as a data transport - the mapping of USB endpoints onto ISIId and Subld is communicated 
from the host PC Silverbrook code to the SoPEC Silverbrook code through USB control (or possibly bulk 
data) messages i.e. the mapping information is simply data payload as far as USB is concerned. The code 
running on SoPEC is responsible for parsing these messages and configuring the SCB accordingly. 
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The use of just two DMAChannels places some limitations on what can be achieved without software 
intervention. For every SoPEC in the system there are more potential sources of data than there are sinks. 
For example an ISISlave could receive both control and data messages from the ISIMaster SoPEC in addi- 
tion to control and data from the host, either specifically addressed to that particular ISISlave or over the 
broadcast ISI channel. However all ISISlaves only have two possible data sinks, i.e. the two DMAChan- 
neis. Another example is the ISIMaster in a multi-SoPEC system which may receive control messages 
from each SoPEC in addition to control and data information from the host (e.g. over USB). In this case all 
of the control messages are in contention for access to DMAChannelO. We resolve these potential conflicts 
by adopting the following conventions: 

1) Control messages may be interleaved in a memory buffer: The memory buffer that the 
DMAChannelO points to should be regarded as a central pool of control messages. Every control 
message must contain fields that identify the size of the message, the source and the destination of 
the control message. Control messages may therefore be multiplexed over a DMAChannel which 
allows several control message sources to address the same DMAChannel. Furthermore, if SoPEC- 
type control messages contain source and destination fields it is possible for the host to send control 
messages to individual SoPECs over the ISI 15.0 broadcast channel. 

2 ) Data messages should not be interleaved in a memory buffer: As data messages are typically 

part of a much larger block of data that is being transferred it is not possible to control their contents 
in the same manner as is possible with the control messages. Furthermore we do not want the CPU 
to have to perform reassembly of data blocks. Data messages from different sources cannot be inter- 
leaved over the same DMAChannel - the SCB map must be reconfigured each time a different data 
source is given access to the DMAChannel. 

3 ) Every reconfiguration of the SCB map requires the exchange of control messages: The only 

active SCB map in a multi-SoPEC system is the SCB map in the ISIMaster as all ISISlaves auto- 
matically send data addressed to themselves to either DMAChannelO or 1 i.e. the ISI is the only 
source of incoming data in an ISISlave. The ISIMaster's SCB map reset state is shown in Figure 39 
and any subsequent modifications require the exchange of control messages between the ISIMaster 
and the host. As the host is expected to control the movement of data in any SoPEC system it is 
anticipated that all changes to the SCB map will be performed in response to a request from the 
host. While the ISIMaster could autonomously reconfigure the SCB map (this is entirely up to the 
software running on the ISIMaster) it should not do so without informing the host in order to avoid 
data being misrouted. 

An example of the above conventions in operation is worked through in section 1 2.7.2. 

12.7.1 Host PC to ISIMaster SoPEC communication 

When considering SCB map configurations we always assume that the ISIMaster is a SoPEC device, in 
particular the SoPEC connected to the USB bus (and receiving data on USB endpoint 2, 3 or 4), rather than 
an ISI-Bridge chip. ISI-Bridge chips are likely to have something similar to an SCB map and the following 
information should broadly apply to an ISI-Bridge but we focus here on an ISIMaster SoPEC for clarity. 

As the ISIMaster SoPEC represents the printer on the USB bus it is required by the USB specification to 
have a dedicated control endpoint, EPO. At boot time the ISIMaster SoPEC will also require a bulk data 
endpoint to facilitate the transfer of program code from the host PC. The simplest SCB map configuration, 
i.e. for a single stand-alone SoPEC, is sufficient for host to ISIMaster SoPEC communication and is shown 
in Figure 38. In this configuration all USB control information exchanged between the host and SoPEC 
over EPO (which is the only bidirectional USB endpoint). SoPEC specific control information (printer sta- 
tus, DNC info etc.) is also exchanged over EPO. 

All packets sent to the host from SoPEC over EPO must be written into the EPO FIFO by the CPU. All 
packets sent from the host to SoPEC can be placed in DRAM by the DMA Manager (as is usually the 
case) or read directly by the CPU, This asymmetry is because in a multi-SoPEC environment the CPU will 
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J3 



need to examine all incoming control messages (i.e. messages that have arrived over DMAChannelO) to 
ascertain their source and destination (i.e. they could be from an ISISlave and destined for the host) and so 
the additional overhead in having the CPU move the short control messages to the EPO FIFO is relatively 
small. Furthermore we wish to avoid making the SCB more complicated than necessary, particularly when 
there is no significant performance gain to be had as the control traffic will be relatively low bandwidth. 

The above mechanisms are appropriate for the types of communication outlined in sections 124 1 1 
through 12.4.1.4 
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Figure 38. Single SoPEC SCB map configuration and dataflow 



12.7.2 Broadcast communication 

An SCB configuration for broadcast communication is shown in Figure 39. This particular configuration is 
also the default, post power-on reset, configuration for the ISIMaster SoPEC. USB endpoints EP2 and EP3 
are mapped onto ISISublDO and ISISubldl of ISIIdlS (the broadcast ISIId channel). EPO is used for con- 
trol messages as before and EPl is a bulk data endpoint for the ISIMaster SoPEC. Depending on what is 
convenient for the boot loader software, EP 1 may or may not be used during the initial program download, 
but EPl is highly likely to be used for compressed page or other program downloads later. For this reason 
it is part of the default configuration. In this setup the USB device configuration will take place, as it 
always must, by exchanging messages over the control channel (EPO). 

One possible boot mechanism is where the host PC sends the bootloaderl program code to all SoPECs by 
broadcasting it over EP3. Each SoPEC in the system then authenticates and executes the bootloaderl pro- 
gram. The ISIMaster SoPEC then polls each ISISlave (over the ISIx.O channel). Each ISISlave ascertains 
its ISIId by sampling the particular GPIO pins required by the bootloaderl and reporting its presence and 
status back to the ISIMaster. The ISIMaster then passes this information back to the host over EPO. Thus 
both the host and the ISIMaster have knowledge of the number of SoPECs, and their lSIIds, in the system. 
The host may men reconfigure the SCB map to better optimise the SCB resources for the particular multi- 
SoPEC system. This could involve simplifying the default configuration to a single SoPEC system (Figure 
3 8) or remapping the broadcast channels onto DMAChannels in individual ISlSlaves. 
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Figure 39. Default SoPEC SCB map configuration and dataflow 

The following steps are required to reconfigure the SCB map from the system depicted in Figure 39 to one 
where EP3 is mapped onto ISI1 .0: 

1) The host PC sends a control message(s) to the ISIMaster SoPEC requesting that USB EP3 be 
remapped to ISI 1.0 

2) The ISIMaster SoPEC sends a control message to the host PC informing it that EP3 has now been 
mapped to ISI1.0 (and therefore the host knows that the previous mapping of ISI15.1 is no longer 
available through EP3). 

3 ) The host may now send control messages directly to ISISlavel without requiring any CPU interven- 
tion on the ISIMaster SoPEC • 

12.7.3 Host PC - ISISIave SoPEC communication 

The default post-boot (as opposed to post-reset) SCB map configuration for an ISISIave SoPEC is to have 
all USB endpoints unconnected The ISI automatically forwards any data addressed to it (including broad- 
cast data) to the DMA with the appropriate ISISubld. If the ISIMaster is configured correctly (e.g. when 
the ISIMaster is a SoPEC, and that SoPEC *s SCB map is configured correctly) then data sent from the host 
destined for an ISISIave will be transmitted on the ISI with the correct address. If the ISISIave has data to 
send to the host it must do so by sending a control message to the ISIMaster identifying the host as the 
intended recipient. It is then the ISIMaster's responsibility to forward this message to the host. 

With this configuration the host can communicate with the ISIsiave via broadcast messages only and this 
is the mechanism by which the bootloaderl program is downloaded. The ISISIave is unable to communi- 
cate with the host (or the ISIMaster) until the bootlloaderl program has successfully executed and the 
ISISIave has determined what its ISIId is. Aaer the bootloaderl program (and possibly other programs) 
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has executed the SCB map of the ISIMaster may be reconfigured to reflect the most appropriate topology 
for the particular multi-SoPEC system it is part of. 

All communication from an ISISlave to host is achieved by sending messages via the ISIMaster. The 
ISISlave can never initiate communication to the host. If an ISISlave wishes to send a message to the host 
it may do one of two things: (a) wait until it is polled by the ISIMaster or (b) indicate in its ISI acknowl- 
edgement packet (sent in response to the reception of an ISI packet specifically addressed to that ISISlave) 
that it has a message to send. When the ISIMaster receives the message from the ISISlave it first examines 
it to determine the intended destination and will then copy it into the EPO FIFO for transmission to the 
host. The software running on the ISIMaster is responsible for any arbitration between messages from dif- 
ferent sources (including itself) that are all destined for the host. 

The above mechanisms are appropriate for the types of communication outlined in sections 12 4 1 5 and 
12.4.1.6. 

12.7.4 ISIMaster - ISISlave communication 

. All ISIMaster - ISISlave communication takes place over the ISI. Immediately after reset this can only be 
by means of broadcast messages. Once the bootloaderl program has successfully executed on all SoPECs 
in a multi-SoPEC system the ISIMaster can communicate with each SoPEC on an individual basis. 

If an ISISlave wishes to send a message to the ISIMaster it may do so in response to a ping packet from the 
ISIMaster. When the ISIMaster receives the message from the ISISlave it must interpret the message to 
determine if the message contains information required to be sent to the host. In the case of the ISIMaster 
being a SoPEC, software will transfer the appropriate information into the EPO FIFO for transmission to 
the host. 

The above mechanisms are appropriate for the types of communication outlined in sections 12.4.2.3 and 
12.4.2.4. 

1 2.7.5 ISISlave - ISISlave communication 

ISISlave to ISISlave communication is expected to be limited to two special cases: (a) when the PrintMas- 
ter is not the ISIMaster and (b) when a storage SoPEC is used. When the PrintMaster is not the ISIMaster 
then it will need to send control messages (and receive responses to these messages) to other ISISlaves. 
When a storage SoPEC is present it may need to send data to each SoPEC in the system. All ISISlave to 
ISISlave communication will take place in response to ping messages from the ISIMaster. 

12.7.6 SCB Map configuration registers 

The SCB map is configured by mapping a USB endpoint on to a data sink. This is performed on a endpoint 
basis i.e. each endpoint has a configuration register to allow its data sink be selected. Mapping an endpoint 
on to a data sink does not initiate any data flow - each endpoint/data sink needs to be enabled by writing to 
the appropriate configuration registers in the USB controller/ ISI / DMA manager. 



Table 36. SCB Map configuration registers 









mm 




0x100 


USBEPODest 


7 


0x20 


This register determines which of the data sinks the 
data arriving in EPO should be routed to. 


0x104 


USBEPIDest 


7 


0x21 


Data sink for USB EP1 


0x108 


USBEP2Dest 


7 


0x3E 


Data sink for USB EP2 
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Table 36. SCB Map configuration registers 







FIBS 
IS 


km 




0x1 oc 


USBEP3Dest 


7 


0x3F 


Data sink for USB EP3 ^^^| 


0x110 


USBEP4Dest 


7 


0x23 


Data sink for USB EP4 ( 



The same encoding is used for each of the USBEPnDest configuration registers and is described in 
Table 37. The ISIId register (see Table 30) allows the SCB map to identify data that should be routed to the 
DMA Manager as well as, or instead of, to the LSI. The SCB map therefore does not need special fields to 
identify the DMAChannels on the ISIMaster SoPEC as this is taken care of by the SCB hardware. Thus the 
USBEPODest and USBEPlDest registers should be programmed with 0x20 and 0x21 (for ISIO.O and 
ISI0. 1) respectively to ensure data arriving on these endpoints is moved directly to DRAM. 



Table 37. USBEPnDest register 





mm 


mastaBSKKsaBsam 


DesttSISubld 


0 


Indicates which DMAChannel of the target SoPEC the endpoint is 
mapped onto: 

0 = DMAChannefO 

1 =» DMAChanneM 


DestlSlfd 


4:1 


Denotes the ISIId of the target SoPEC as per Table 35 


ChannelEn 


5 


Enable bit for the DMAChannel: 

0 = Channel disabled 

1 = Channel enabled 


SequenceBit 


6 


Sequence bit for packets going from USBEPn to DestlSltd.Destl- 
SlSubld. Every CPU write to this register initialises the value of the 
sequence bit and this Is subsequently updated by the ISI after 
every successful long packet transmission. 



| A SoPEC ISIMaster should map as many USB endpoints, under the control of the host, as are required for 

the multi-SoPEC system it is part of. As already mentioned this mapping may be dynamically reconfig- 
ured. 

12.7,7 SCB transmit buffer arbitration 

When the SCB transmit buffer has been emptied the SCB control logic will immediately seek to refill it 
As there may be data waiting in a USB endpoint FIFOs and in the CPUISI transmit buffer it may be neces- 
sary to arbitrate between these data sources. This arbitration is controlled by the SCBTxBuffArb register 
which contains a high priority bit for both the CPU and the USB. If only one of these bits is set then the 
corresponding source always has priority. Note that if the CPU is given absolute priority over the USB the 
software filling the CPUISI transmit buffer needs to ensure that sufficient USB traffic is allowed through. 
If both bits of the SCBTxBuffArb have the same value then arbitration will take place on a round robin 
basis. 

As the speed at which the SCB transmit buffer can be emptied is at least 5 times greater than it can be filled 
by USB traffic the double buffers used for each USB endpoint will not overflow using the above scheme in 
normal operation. There are a number of scenarios which could lead to the USB endpoints being tempo- 
| rarily blocked such as the CPU having priority, retransmissions on the ISI bus, channels being enabled (of. 

the ChannelEn bit of the USBEPnDest register) with data already in their associated endpoint FIFOs or 
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short packets being sent on the USB. Care should be taken to ensure that the USB bandwidth is efficiently 
utilised at all times. 

12.7.8 SCB Control Block 

The SCB control block is responsible for coordinating access to and between the various sub-blocks in the 
SCB. This includes translating between the CPU subsystem bus and the USB native bus protocol, moving 
data from the USB endpoint FIFOs into the SCB transmit buffer, moving data from the CPUISI transmit 
buffer into the SCB transmit buffer and arbitrating between the CPU and itself for access to the SCB sub- 
blocks. 



Table 38. SCB control block configuration registers 









ma 




0x120 


WakeupEnaJbJe 


2 


0x0 


This register fs used to gate the propagation of the 
USB and ISI reset signals to the CPR block. Active 
high. 

WakeUpEnabfefO]: usb_cpr_reset_n control 
WakellpEnablell]: isl_cpr_reset_n control 


0x124 


SCBTxBuffArtJ 


2 


0x0 


Determines which source has priority when conten- 
tion arises in filling the SCBTxBuffer. When a bit is 
set priority Is given to the relevant source. 
SCBTxBuffArbfOJ: CPU priority 
SCBTxBuffArb[1]: USB priority 


0x128 


SCBDebugSel 


10 


0x000 


Contains address of the register selected for debug 
observation as it would appear on cpu_adr(1 1 :2) 
The contents of the selected register are output in 
the scb_cpu_data bus while cPLLscb_.se/ is low and 
sct>_cpu_debug„valid is asserted to indicate the 
debug data is valid. 

It Is expected that a number of pseudo-registers wilt 
be made available for debug observation and these 
win be outlined with the Implementation details. 



12.8 DMA Manager 

The DMA manager manages the flow of data between the SCB and the embedded DRAM. Whilst the 
CPU could be used for the movement of data in a USB 1 . t enabled SoPEC a DMA manager is a more effi- 
cient solution as it will handle data in a more predictable fashion with less latency and requiring less buff- 
ering. Furthermore a DMA manager is required to support the [SI transfer speed and to ensure that the 
SoPEC could be used with a high speed ISI-Bridge chip in the future. 

The DMA manager uses two independent channels, one for each ISISubld, to control the movement of 
data. Both DMAChannels only support write operation and can transfer data from any USB endpointand 
from the ISI receive buffer. Data is moved at the soonest opportunity to do so and is always moved in 256- 
bit slices as required by the DIU. When it is not possible to use a 256-bit slice of data (e.g. at the end of a 
packet or for a short packet) the DMA manager will still use 256-bit access to the DIU. This means that for 
a DIU write (data incoming to the SoPEC) the DMA manager will pad the valid data with zeroes until a 
256-bit slice has been filled. 

The DMA manager handles all issues relating to byte/word/longword address alignment, data endianness 
and transaction scheduling. It arbitrates between data arriving from. the ISI and data arriving from a USB 
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endpoint on a round robin basis. The greater guaranteed bandwidth available to the DMA manager (50 
Mbit/s at the time of writing but this may need to be increased especially if a 4- wire ISI bus is used. See 
section 20,6 for more details) ensures that the DMA manager is non-blocking. 

While the DMA manager performs the work of moving data the CPU controls the destinarion and relative 
timing of dataflows to and from the DRAM. The management of the DRAM data buffers requires the CPU 
to have accurate and timely visibility of both the DMA and PEP memory usage. In other words when the 
PEP has completed processing of a page band the CPU needs to be aware of the fact that an area of mem- 
ory has been freed up to receive incoming data. The management of these buffers may also be performed 
by the host. 

1 2.8.1 Circular buffer operation 

The DMA manager supports the use of circular buffers for both DMAChannels. Each circular buffer is 
controlled by 5 registers: DMAnBottomAdr, DMAnTopAdr, DMAnMaxAdr, DMAnCurrWPtr and DMAnln- 
tAdr. The operation of the circular buffers is shown in Figure 40 below. 




4— DMAnTopAdr 
-4— DMAnlntAdr 



4— DMAnCurrWPtr 



ESSS SS^^r DMAnTopAdr 




.4— DMAnMaxAdr 
DMAnBottomAdr 



4— DMAnMaxAdr 



4— DMAnlntAdr 



DMAnCurrWPtr 
4— DMAnBottomAdr 



(a) 

Key: | } Free buffer space 



(b) 



Filled buffer space (unprocessed data) 

N>^i Buffer space filled since last write to the DMAnlntAdr/DMAnMaxAdr registers 

Figure 40. Circular buffer operation 

Here we see two snapshots of the status of a circular buffer with (b) occurring sometime after (a) and some 
CPU writes occurring in between (a) and (b). These CPU writes are most likely to be as a result of a fin- 
ished band interrupt (which frees up buffer space) but could also have occurred in a DMA interrupt service 
routine resulting from DMAnlntAdr being hit. The DMA manager will continue filling the free buffer 
space depicted in (a), advancing the DMAnCurrWPtr after each write to the DIU. Note that the DMACur- 
rWPtr register always points to the next address the DMA manager will write to. When the DMA manager 
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reaches the address in DMAnlntAdr (i.e. DMACurrWPtr - DMAnlntAdr) it will generate an intemipt if the 
DMAnlntAdrMask bit in the DMAMask register is set. The purpose of the DMAnlntAdr register is to alert 
the CPU that data (such as a control message or a page or band header) has arrived that it needs to process. 
The interrupt routine servicing the DMA interrupt will change the DMAnlntAdr value to the next location 
that data of interest to the CPU will have arrived by. 

In the scenario shown in Figure 40 the CPU has determined (most likely as a result of a finished band 
interrupt) that the filled buffer space in (a) has been freed up and is therefore available to receive more 
data. The CPU therefore moves the DMAnMaxAdr to the end of the section that has been freed up and 
moves the DMAnlntAdr address to an appropriate offset from the DMAnMaxAdr address. The DMA man- 
ager continues to fill the free buffer space and when it reaches the address in DMAnTopAdr it wraps around 
to the address in DMAnBottomAdr and continues from there. DMA transfers will continue indefinitely in 
this fashion until the DMA manager reaches the address in the DMAnMaxAdr register. 

The circular buffer is initialised by writing the top and bottom addresses to the DMAnTopAdr and DMAn- 
BottomAdr registers, writing the start address (which does not have to be the same as the DMAnBottomAdr 
even though it usually will be) to the DMAnCurrWPtr register and appropriate addresses to the DMAnln- 
tAdr and DMAnMaxAdr registers. The DMA operation will not commence until a 1 has been written to the 
relevant bit of the DMAChanEn register. 

While it is possible to modify the DMAnTopAdr and DMAnBottomAdr registers after the DMA has started 
it should be done with caution. The DMAnCurrWPtr register should not be written to while the 
DMAChannel is in operation. DMA operation may be stalled at any time by clearing the appropriate bit of 
the DMAChanEn register or by disabling an SCB mapping or IS! receive operation. 

12.8.2 DMA manager DRAM bandwidth requirements 

The DIU must guarantee the SCB enough bandwidth to ensure that neither a USB endpoint FIFO nor the 
ISI receive buffer can overrun. For example, to facilitate bursty 32 Mbit/s transfers a SoPEC with a 64- 
byte ISI receive buffer would need to be able to transfer 256 bits every 1280 cycles (@160 MHz). This is 
in addition to the USB transactions targeted at the ISIMaster SoPEC which may be in the region of 8-9 
Mbit/s. While USB has a backpressure mechanism SoPEC should strive to obtain optimum USB band* 
width utilization and so USB backpressuring should only be used as a last resort. The DIU currently guar- 
antees 50 Mbit/s to the SCB and more bandwidth will be available when other DIU requestors do not take 
their slots. This is sufficient for the SCB's requirements. 

1 2.8.3 DMA manager configuration registers 

All of the circular buffer registers are 256-bit word aligned as required by the DIU. The DMAnBottomAdr 
and DMAnTopAdr registers are inclusive i.e. the addresses contained in those registers form part of the cir- 
cular buffer.The DMAnCurrWPtr always points to the next location the DMA manager will write to so 
interrupts are generated whenever the DMA manager reaches the address in either the DMAnlntAdr or 
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DMAnMoxAdr registers rather than when it actually writes to these locations. It therefore cannot write to 
the location in the DMAnMoxAdr register. 



Table 39. DMA Manager Configuration Registers 







Rife 


vgm 


k Mitttttwm 


0x200 


D M AO Bono mAd r 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
bottom of the circular buffer serviced by 
DMAChannelO 


0x204 


DMAOTopAdr 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
top of the circular buffer serviced by 
DMAChannelO 


0x206 


DMAOCurrWPtr 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
next location DMAChannelO will write to. This 
register is set by the CPU at the start of a 
DMA operation and dynamically updated by 
the DMA manager during the operation. 


0x20C 


DMAOIntAdr 


17 


OxO.OOOO 


The 256-bit aligned DRAM address of the 
location that will trigger an Interrupt when 
reached by DMAChannelO buffer. 


0x210 


DMAOMaxAdr 


17 


OxOJJOOO 


The 256-bit aligned DRAM address of the 
last free location in the DMAChannelO circu- 
lar buffer. The DMAChannelO transfers wilt 
stop when It reaches this address. 


0x214 


DMAOSeqBit 


1 


0x0 


Sequence bit tor DMAChannelO. This bit may 
be initialised by the CPU but is updated by 
the ISI each time an error-free long packet is 
received. 


0x218 


DMAlBottomAdr 


17 


OxO.OOOO 


The 256-bit aligned DRAM address of the 
bottom of the circular buffer serviced by 
DMAChanneM 


0x21 C 


DMAUopAdr 


17 


0x0.0000 


The 256-blt aJigned DRAM address of the 
top of the circular buffer serviced by 
DMAChanneM 


0x220 


DMAICurrWPtr 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
next location DMAChanneM will write to. This 
register Is set by the CPU at the start of a 
DMA operation and dynamically updated by 
the DMA manager during the operation. 


0x224 


DMAllntAdr 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
location that will trigger an interrupt when 
reached by DMAChanneM buffer ! 


0x228 


DMAIMaxAdr 


17 


0x0.0000 


The 256-bit aligned DRAM address of the 
last free location In the DMAChanneM circu- 
lar buffer. The DMAChanneM transfers wiQ 
stop when it reaches this address. 


0X22C 


DMAISeqBit 


1 


0x0 


Sequence bit for DMAChanneM . This bit may 
be initialised by the CPU but is updated by 
the ISI each time an error-free long packet is 
received. 


0x230 


DMAChanEn 


2 


0x0 


Enable DMA operation on a per channel 
basis. Active high. 

DMAChanEnpJ: Enable DMAChannelO 
DMAChanEn[1]: Enable DMAChanneM 
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Table 39. DMA Manager Configuration Registers 















0x234 


DMAStatus 


4 


0x0 


DMA status register. See section 12.8.3.1. 
This register is Readonly. 


0x238 


DMAMask 


4 


0x0 


DMA mask register. See section 12.8.3.2 



12.8.3.1 DMAStatus register 

The contents of the DMAStatus register are read-only to the CPU. The status bits are not sticky bits i.e. 
they reflect the 'live* status of the channel. Status bits may only be cleared by writing to the relevant 
DMAnlntAdr or DMAnMaxAdr register 



Table 40. DMA Status Register 





III] 




DMAChannelOlntAdrHit 


0 


DMAChannelO has reached the address contained in the 
DMAOtntAdr register ' 


DMAChannelOMaxAdrHit 


1 


DMAChannelO has reached the address contained in the 
OMAOMaxAdr register 


DMAChanneM IntAdrHit 


2 


DMAChanneM has reached the address contained in the 
DMA 1 1ntAdr register 


DMAChanneM MaxAdrHit 


3 


DMAChanneM has reached the address contained in the 
DMA IMaxAdr register 



12.8.3.2 DMAMask register 

All bits of the DMAMask are both readable and writable by the CPU. The DMA manager cannot alter the 
value of this register. All interrupts are edge sensitive i.e the DMA manager will generate a dmajcujrq 
pulse each time a status bit goes high and the corresponding mask bit is enabled. 



Table 41. DMA Manager Mask Register 







DMAChannelOlntAdrHitMask 


0 


1 « Generate an interrupt when the DMAChannelOlntAdrHit status 
bit goes high 

0 = Do not generate an interrupt when the DMAChannelOlntAdrHit 
status bit goes high 


DMAChannelOMaxAdrHitMask 


1 


1 = Generate an interrupt when the DMAChannelOMaxAdrHit status 
bit goes high 

0 b Do not generate an Interrupt when the DMAChannelOMaxAdrHit 
status bit goes high 


DMAChanneM IntAdrHitMask 


2 


As per DMAChannelOlntAdrHitMask 


DMAChanneM MaxAdrHitMask 


3 


As per DMAChannelOMaxAdrHitMask 



12.9 SCB Implementation 

This section is still a work in progress - the information here should be ignored as it refers to an earlier ver- 
sion of the SCB 
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7^ 



usb_scbs_data 



isl_scba_data 
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Characteristics of the data channels: 

USB: Packets should be moved sequentially out of the endpoint FIFOs. The USB is the slowest compo- 
nent in the SCB but its bandwidth is most precious. However both the DMA and IS1 can transfer data (50 
and 40 Mbps respectively) much faster than the USB can receive data (12 Mbps peak rate) so no flow con- 
trol problems will occur due to a speed mismatch. If one of the DMA or ISI data sinks becomes blocked or 
inactive then the USB controller will assert backpressure (by NAKing packets) when the double buffer for 
the associated endpoint is filled. Other endpoints will remain active in this scenario and the DMA and ISI 
will still be able to transfer data at their peak rates. The worst case scenario is when all endpoints have 
their double buffers filled (because all the data sinks had been blocked/disabled) and then all data sinks 
become available again. In this case the backlog will be fully cleared in 3 USB 64-byte packet times. 

ISI: The ISI can support simultaneous reception and transmission of packets. ISI packets should be trans- 
ferred sequentially in either direction. The ISI is expected'to handle the packet header and trailer, if any is 
used for error detection, in both directions i.e. only raw payload data is routed through the SCB map. 

DMA: The DMA channels are unidirectional but their direction, namely whether they are transferring 
data to or from DRAM, is programmable. Each DMA transaction to DRAM will be 256 bits wide but all 
256 bits are not always valid. When a transfer of less than 256 bits is required the DMA manager pads the 
remaining bits in the 256-bit word with zeroes, in the case of a write to DRAM, or discards the unnecces- 
sary bits in the case of a DRAM read Can we get by with single (256 bits each way or maybe even 256 
bits in all ?) buffering for the DRAM manager ? 
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dma_scbs_data 



scbs_dma_data 
Tma^cbsTcntT 



7^ 



usb w scbs_data 



usb_scbs_cntri 



Is3_scbs_data 



scbs_isi_data 
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i/f 



USB 
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dma_dout_rdy_kf(1 :0] 
dma_dout ^ ~* 



dma_dout_valld 



dma_din_rdy 
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dma_din_vaJfd 



usb_ep_rdy[2:0] 
usb_rx_data ' 



usb_.data_vaJld 



isi_data_rdy_fd[5 :0J 





isl_rx_data / 






isLn^data^valid 
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— » 




isi_tx_dataJd[4:0J 


— » 




lsLtx_data 




4- 


isi_tx_data_vaJid 





CPU 
Subsystem 
Interface 



Switch 
Logic 



Figure 41. SCB Switch block diagram 



SCB Switch pseudocode: 

const no_data_sinks = 12 

for i = 1 to no_data_sinks 
if (i <= 2) then 

sink_data is dma_din 
sink_rdy is dma_din_rdy 
sink_data_valid is dma_dirO/alid 
sink_id is dma_din_id 
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else 

sink_data is isi_tx_data 
sink_rdy is isi_tx_rdy 
sink_data_valid is isi_tx_data_valid 
sink^id is isi_tx_data_id 

if <data_src_reg(i) != 0) then // Each data sink has an associated data source 

// register. A non-zero value means the sink is enabled 
if (<data_src_reg[i] & OxFO) == 0x10) then // A USB endpoint is the data source 
if ((usb_ep_rdy[4] == 1) AND <usb_ep_rdy [3 : 0] == data_src_reg( ij[3 : 0] )) then 

// there is data waiting in the EP FIFO 
while <<usb_data_valid «== 1> AND (ainkjrdy == 1) AND clocktick) 
sink_data = usb_rx_data 
sink_data_valid = 1 

if <i <* 2) then // The sink is a DMAChannel 
sink_id(lj = 1 
8ink_id(0J a i -1 
else // The sink is an ISI channel 
sink_id[5] = 1 
sink_id[4:0] = i -1 
else // There is no data ready to go 
sink^data^alid = 0 

els If <data_src_reg & OxFO) == 0x20) then // The ISI is the data source 

if <isi_data_rdy_id[3:0] == da ta_sr c_reg [ i ) [ 3 : 0 ) ) then // there is data waiting 

// in the ISI receive FIFO for this ISISubld 
while ( (isi_rx_data_valid « 1) AND (sink_rdy « 1) AND clocktick) 
sink_data = isi_rx_data 
sink_data_valid « 1 

if (i <» 2) then // The sink is a DMAChannel 
sink_id[l] ■ 1 
sink_id[0] * i -1 
else // The sink is an ISI channel 
sink_id[5] = 1 
sink_id[4:0) = i -3 
else // There is no data ready to go 
sink_data_valid = 0 

elsif (data_src_reg & OxFO ) == 0x30) then // The DMA is the data source 

if <dma_dout_rdy_id[0) == data_src_reg[i ] [0} ) then // there is data waiting 

//in the relevant DMA buffer for this sink 
while ( <dma_dout_valid «*= 1) AND (sink_rdy == 1) AND clocktick) 
sink_data = dma_dout 
sink_data_valid = 1 

if (i <= 2) then. // The sink is a DMA channel 
sink_id[lj « l 
sink_id[0] » i -1 
else // The sink is an ISI channel 
sink_id£5] c l 
sink_id[4:0] - i -3 
else // There is no data ready to go 
sink_data_valid =■ 0 

The above pseudocode has a few shortcomings, particularly if all our data buses are not the same size, but 
it shows the basic functionality the switch is supposed to offer. The main loop of the pseudocode (for i = 1 
to no_data_sinks) dictates what happens within one timeslot. The timeslots take as long as required to 
complete and loop around endlessly. The msb of the usb_ep_rdy[4:0], isi_data_rdyjd[5:0] and 
dma_dout_rdyjd[l:0] signals is used to indicate that data is available in the relevant block. 
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13 General Purpose IO (GPIO) 

13.1 Overview 

The General Purpose IO block (GPIO) is responsible for control and interfacing of GPIO pins to the rest of 
the SoPEC system. It provides easily programmable control logic to simplify control of GPIO functions. 
In all there are 14 GPIO pins of which certain pins have special functions, their functions are detailed as: 

• 4 Motor control IOs internally pulled down 

• 4 General purpose high drive pulsed IOs capable of driving LEDs. 

• 4 Open drain IOs used for LSS interfaces 

• 2 Normal drive IOs used for the ISI interface in Mulri-SoPEC mode 

Each of the pins can be configured in either input or output mode, each pin is independently controlled. A 
programmable de-glitching circuit exists for all input pins. Each input is a schmidt trigger to increase noise 
immunity should the input be used without the de-glitch circuit. The mapping of the above functions and 
their alternate use in a slave SoPEC to GPIO pins is shown in Table 42 below. 



Table 42. GPIO pin functionality 









gpio[3:0] 


Motor control pins / general purpose IO 


gpto[7:4] 


LED driver pins / general purpose fO 


gpto[11:8] 


LSS interface pins J general purpose IO 


gplo[13:12] 


ISI interface pins / general purpose IO 



13.2 Motor control 

The motor control pins can be directly controlled by the CPU or the motor control logic can be used to 
generate the phase pulses for the stepper motors. The controller consists of two central counters from 
which the control pins are derived. The central counters have several registers (see Table 44) used to con- 
figure the cycle period, the phase, the duty cycle, and counter granularity. 

There are two motor master counters (0 and 1) with identical features. The period of the master counters 
are defined by the MotorMasterClkPeriod f J :0J and MotorMasterClkSrc registers i.e. both master counters 
are derived from the same MotorMasterClkSrc. The MotorMasterClkSrc defines the timing pulses used by 
the master counters to determine the timing period. The MotorMasterClkSrc can select clock sources of 
1 us, 1 OOus, 1 0ms and pclk timing pulses. 

The MotorMasterClkPeriod[l:0] registers are set to the number of timing pulses required before the tim- 
ing period re-starts. Each master counter is set to the relevant MotorMasterClkPeriod value and counts 
down a unit each time a timing pulse is received 

The master counters reset to MotorMasterClkPeriod value and count down. Once the value hits zero a new 
value is reloaded from the MotorMasterClkPeriod [1:0] registers. This ensures that no master clock glitch 
is generated when changing the clock period. 

Each of the IO pins for the motor controller are derived from the master counters. Each pin has indepen- 
dent configuration registers. The MotorMasterClkSelectp.O] registers define which of the two master 
counters to use as the source for each motor control pin. The master counter value is compared with the 
configured MotorCtrlHigh and MotorCtrlLow registers. If the count is equal to MotorCtrlHigh value the 
motor control is set to 1, if the count is equal to MotorCtrlLow value the motor control pin is set to 0. 

This allows the phase and duty cycle of the motor control pins to be varied ax pclk granularity. 
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The motor control generators can be paused at the end of a clock period by setting the MotorMasterClock- 
Enable register to zero. This allows the CPU to re-configure the motor controller without causing a glitch 
on the output pins. 

13.3 LED CONTROL 

LED lifetime and brightness can be improved and power consumption reduced by driving the LEDs with a 
pulsed rather than a DC signal. The source clock for each of the LED pins is a 7.8kHz (128us period) 
clock generated from the lus clock pulse from the Timers block. The LEDDutySelect registers are used to 
create a signal with the desired waveform. Unpulsed operation of the LED pins can be achieved by using 
CPU 10 direct control. By default the LED pins are controlled by the LED control logic. 

Master Clock |f | 

LEDDutySelect =0 

LEDDutySelect =1 I 

LEDDutySelect =2 I I ~ — 

LEDDutySelect =3 I ~ 

LEDDutySelect =4 [ [""" 

LEDDutySelect «5 j |" — 

LEDDutySelect =6 ^J~" " 

LEDDutySelect =7 I 



Figure 42. Duty Cycle Select 



13.4 LSS INTERFACE VIA GPIO 

In some SoPEC system configurations one or more of the LSS interfaces may not be used. Unused LSS 
interface pins can be reused as general IO pins by configuring the CpuIOCtrl register. When a bit in the 
CpuIOCtrl is set the corresponding pin is controlled by the CPU registers, otherwise the pin is controlled 
by the LSS block. By default the LSS controls the GPIO pins 1 1 to 8. 

1 3.5 ISI INTERFACE VIA GPIO 

In Multi-SoPEC mode the SCB block (in particular the ISI sub-block) requires direct access to and from 
the gpiofj 2] and gpio[13] pins. Control of the ISI interface pins is determined by the CpuIOCtrl register. 

When a bit in the CpuIOCtrl is set the corresponding pin is controlled by the CPU registers, otherwise the 
pin is controlled by the ISI block directly. By default the pins are directly controlled by the ISI block. 
In single SoPEC systems the pins can be re-used by the GPIO. 

13.6 CPU GPIO CONTROL 

The CPU can assume direct control of any (or all) of the IO pins individually. On a per pin basis the CPU 
can turn on direct access to the pin by setting the CpuIOCtrl register. Once set the IO pin assumes the 
direction specified by the CpuIODlrection register. When in output mode the value in register CpuIOOut 
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will be directly reflected to the output driver. When in input mode the status of the input pin can be read in 
either the direct version or a de-glitched form, by reading CpuIOIn and CpuIOfnDegiitch respectively. 
When writing to the CpuIOOut register the top bits of the register (bits 29 to 16) are used to filter access to 
the lower bits (13 to 0). 

13.7 Programmable de-glitching logic 

Each 10 pin can be filtered through a de-glitching logic circuit. The circuit can be configured to sample the 
IO pin for a predetermined time before concluding that a pin is in a particular state. The exact sampling 
length is configurable, but each GPIO pin must use one of two possible configured values (selected by 
DeClitchSelect). The sampling length is the same for both high and low states. The DeGIitchCount is pro- 
grammed to the number of system time units that a state must be valid for before the state is passed on. 
The time units are selected by DeGlitchClkSel and can be one of 1 us,100us,10ms and pclk pulses. 

For example if DeGIitchCount is set to 10 and DeGlitchClkSel set to 3, then an input pin (one of gpiof!3 
to 0J) must consistently retain its value for 10 system clock cycles (pclk) before the input state will be 
propagated from CpuIOIn to CpuIOInDeglitch. 

13.8 Interrupt generation 

Any of the GPIO pins can generate an interrupt from the raw or deglitched version of the input pin. There 
are 14 possible interrupt sources from the GPIO to the interrupt controller, one interrupt per input pin. The 
InterruptSrcSelect register determines whether the raw input or the deglitched version is used as the inter- 
rupt source. 

The interrupt type, masking and priority can be programmed in the interrupt controller. 

13.9 Frequency analyser 

The frequency analyser measures the duration between successive positive edges on an input pin and 
reports the last period measured (FreqAnaLastPeriod) and a running average period (FreqAnaAverage). 

The running average is updated each time a new positive edge is detected and is calculated by 
FreqAnaAverage = ( FreqAnaAverage I 8 ) * 7 + FreqAnaLastPeriod I 8. 

The analyser can be used with any input pin (or its deglitched form), but only one pin at a time can be 
selected. The pin is selected by the FreqAnaPinSelect and its deglitched form can be selected by 
FreqAnaPinFormSelect. 
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13.10 Implementation 

1 3.10.1 Definitions of I/O 



Table 43. I/O definition 











Clocks and Resets " 


pclk 


1 


In 


System Clock \ 


prstjn 


1 


In 


System reset, synchronous active tow 


tim_pulse[2:0] 


3 


In 


Timers block generated timing pulses. 

0 - 1 jis pulse 

1 - 100 pis pulse 

2 - 10 ms pulse 


CPU Interface 


cpu_addr[7:2] 


6 


In 


CPU address bus. Only 6 bits are required to decode the 
address space tor this block 


cpu_dataout[31 :0J 


32 


In • 


Shared write data bus from the CPU ~~ 


gpfo_cpu_data[31 :0J 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_gpio_sel 


1 


In 


Block select from the CPU. When cpu_gpio„$el\$ high both 
cpu_addr and cpujdataout are valid 


gpio_cpu_rdy 


1 


Out 


Ready signal to the CPU. When gplo_cpu_rfy\3 high it Indi- 
cates the last cycle of the access. For a write cyde this means 
cpujdataout has been registered by the GPIO block and tor a ; 
read cycle this means the data on QpIo_cpu_data is valid. 


gpio_cpu J>err 


1 


Out 


Bus error signal to the CPU Indicating an Invalid access. 


gpto_cpu_debug_vaJtd 


1 


Out 


Debug Data valid on gpio_cpu_data bus. Active high 


cpu_acode[l :0] 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 

1 1 • Supervisor data access 


lOPlns 


gpio_o{13:0) 


14 


Out 


General purpose IO output to IO driver 


gplojp3:0] 


14 


In : 


General purpose IO input from IO receiver 


gpio_e(13:0] 


14 


Out 


General purpose IO output control. Active high driving 


GPIO to LSS 


lss_gpio_do[1 :0] 


2 


In 


LSS bus data output 
Bit 0 * LSS bus 0 
Bit 1 - LSS bus 1 


gpiojss_di(1:0) 


2 


Out 


LSS bus data input 
Bit 0 - LSS bus 0 
Kt 1 - LSS bus 1 


lss_gpio_e[1:0] 


2 


In 


LSS bus data output enable, active high 
Bit 0 - LSS busO 
Bit 1 - LSS bus 1 


•ss«^pio_clk[1:0] 


2 


In 


LSS bus dock output 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


GPIO to ISf 
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Table 43. I/O definition 





mm 


IS 




gplo_»sLdm[1:0] 


2 


Out 


Input data from 10 receivers to 131. 


lsi_0pio_dout{1:O] 


2 


In 


Data output from ISI to 10 drivers 


iscg,pio_e(1 :0] 


2 


In 


GPIO ISI pins output enable (active high) from ISI Interface 


Interrupts 


gpiojcujrq[13:0) 


,4 


Out 


GPIO pin interrupts 


Debug. 


debug_data_out[1 6:3] 


14 


In 


Output debug data to be muxed on to the GPIO pins 


debuo_cntri[16:3) 


14 


In 


Control signal for each GPIO bound debug data line Indicating 
whether or not the debug data should be selected by the pin 
mux 



13.10.2 Configuration registers 

The configuration registers in the GPIO are programmed via the CPU interface. Refer to section 1 1.4.3 on 
page 70 for a description of the protocol and timing diagrams for reading and writing registers in the 
GPIO. Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register 
reads and writes, the lower 2 bits of the CPU address bus are not required to decode the address space for 
the GPIO. When reading a register that is less than 32 bits wide zeros should be returned on the upper 
unused bit(s) of gpiojpcujiata. Table 44 lists the configuration registers in the GPIO block 



Table 44. GPIO Register Definition 







H 


wm 




CPU IO Control 








0x00 


CpulOClrl 


14 


0x0000 


Indicates whether each IO pin is directly control- 
led by the CPU or not 

0 - Default Control 

1 - CPU Control 


0x04 


CpulOUserModeMask 


14 


0x0000 


User Mode Access Mask to CPU GPIO control 
register. When 1 user access Is enabled. One 
bit per gpio pin. Enables access to CpulODirec- 
tion, CputOOut, CpulOln and CputOlnDegfitch 
in user mode if CputOCtri allows CPU access. 


0x06 


CpulOSuperModeMask 


14 


0x3FFF 


Supervisor Mode Access Mask to CPU GPIO 
control register. When 1 supervisor access Is 
enabled. One bit per gpio pin. Enables access to 
CpulODirection, CpuiOOut, CpulOtn and Cpu/- 
OlnDeglitch in supervisor mode if CpulOCtri 
allows CPU access. 


OxOC 


CpulODirection 


14 


0x0000 


Indicates the direction of each tO pin, when con- 
trolled by the CPU 

0 - Indicates Input Mode 

1 - Indicates Output Mode 
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Table 44. GPIO Register Definition 





ill 


m 




0x10 


CpulOOut 


30 


0x0000 
-.0000 


Value used to drive output pin in CPU direct 
mode. 

bitsi 3:0 • Value to drive on output GPIO pins 
Wis 15:14 - Reserved, (Read as zero always) 
bits 29:1 6 - Write enable mask for bitsi 3:0, 0 
enables write, 1 masks the write. (Read as zero 
always) 


0x14 


CpuIOln 


14 


Exter- 
nal pin 
vatue 


Value received on each input pin regardless of 
mode. Read Only register. 


0x18 


CpulOlnDeglltch 


14 


0x0000 


Deglitched version of CpuIOln register. Note 
that after reset this register will reflect the exter- 
nal pin values 256 pcfk cycies after they have 
stabilized. Read Only register. 


Deglitch contn 




0x20-024 


DeGJitchCount[1:0l 


2x6 


OxFF 


De-glitch circuit sample count in DeGlitchClkSrc 
selected units for pins gpio[13:0J 


0x28-2C 


DeGlitchClkSrc[1:0] 


2x2 


0x3 


Specifies the unit use of the GPIO deglitch cir- 
cuits: 

0 - 1 its pulse 

1 - 100 us pulse 

2 - 10 ms pulse 

3-pctk 


0x30 


DeGlitchSelect 


14 


0x000 


Specifies which deglitch count (DeGHtchCounQ 
and unit select (DeGHtchClkSrQ should be used 
to deglitch each GPIO pin 

0 - Specifies DeGlitchCountfO] and DeGtitchClk- 
Src(0] 

1 - Specifies DeGlitchCount[1) and DeGtitchCtk* 
Src[1} 


Motor Control 




0x34 


MotorCtrlUserModeEnable 


1 


0x0 


User Mode Access enable to Motor control con- 
figuration registers. When 1 user access Is ena- 
bled. 

Enables user access to MotorMasterCfkPeriod, 
MotorMasterClkSrc, MotorOutySelect, Motor- 
PhaseSetect, MotorMasterCfockEnabla and 
MotorMasterClkSelect registers 


0x38 to 0x3C 


MotorMasterClkPerioc?1 :0] 


2x16 


0x0000 


Specifies the motor controller master dock peri- 
ods in MotorMasterClkSrc selected units 


0x40 


MotorMasterClkSrc 


2 


0x0 


Specifies the unit use by the motor controller 
master clock generator: 

0 - 1 us pulse 

1 - 100 ps pulse 

2 - 10 ms pulse 
3-pcflc 


0x44 to 0x50 


MotorCtrlHigh[3:0j 


4x16 


0x0000 


Specifies the low to high transition point in the 
clock period for each motor control pin. 


0x54 to 0x60 


MotorCtrlLow[3:0] 


4x16 


OxFFFF 


Specifies the high to low transition point in the 
clock period for each motor control pin. 



i 
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Table 44. GPIO Register Definition 













0x64 to 0x70 


MotorMasterClkSelect[3:0] 


4x1 


0x0 


Specifies which motor master clock should be 
used as a pin generator source 

0 - Clock derived from MotorMasterCtockPo- 
riod[0J 

1 -Clock derived from MotorMastarCtockPe- 
riod[1] 


0x74 


MotonVlasterClockEnable 


2 


0x0 


Enable the motor master dock counter. When 1 
count is enabled 

Bit 0 - Enable motor master clock 0 
Bit 1 - Enable motor master clock 1 


LED control 


0x78 


LEDCtriUserM ode Enable 


4 


0x0 


User Mode Access enable to LEO control con- 
figuration registers. When 1 user access is ena- 
bled. 

One bit per LEDDutySetect select register. 


0x7C to 0x88 


LEDDutySelect(3:01 


4x3 


0x0 


Specifies the duty cycle for each LED pin. See 
Figure 42 for encoding details. The LEDDutySe- 
lect[3;0J registers determine the duty cyde of 
the gpio[7:4} pins 


Frequency Analyser 


0x8C 


FreqAnaPinSelect 


4 


0x00 


Selects which GPIO input should be used for the 
frequency analyses. 


0x90 


FreqAnaPinFormS elect 


1 


0x0 


Selects if the frequency analyser should use the 
raw input or the deglitched form. 

0 • Degfitched form of Input pin 

1 - Raw form of input pin 


0x94 


FreqAnaLastPeriod 


16 


0x0000 


Frequency Analyser last period of selected Input 
pin. 


0x98 


FreqAnaAverage 


16 


0x0000 


Frequency Analyser average period of selected 
input pin. 


0x9C 


FreqAnaCountlnc 


20 


0x0000 
0 


Frequency Analyser counter Increment amount. 
For each dock cyde no edge is detected on the 
selected input pin the accumlator Is incremented 
by this amount. 


Miscellaneous 


OxAO 


Interrupts rcSelect 


14 


0x000 


Interrupt source select. 1 bit per GPIO pin. 
Determines whether the interrupt source Is 
direct form the input pin or the deglitched ver- 
sion 

1 - Input pin dlreci 
0 * Deglitched input pin 


0xA4 


DebugSelect 


6 


0x00 


Debug address select Indicates the address of 
the register to report on the gpio_cpu_data bus 
when it is not otherwise being used. 


OxAS-OxAC 


MotorMasterCount 


2x16 


0x0000 


Motor master dock counter values. 
Bus 0 - Master dock count 0 
Bus 1 - Master dock count 1 
Read Only registers 
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13. 10.2. 1 Supervisor and user mode access 

The configuration registers block examines the CPU access type (cpujacode signal) and determines if the 
access is allowed to that particular register, based on configured user access registers! If an access is not 
allowed the GPIO will issue a bus error by asserting the gpiojcpujberr signal. 

Access to the CpuIODirection, CpuIOOut, CpuIOIn and CpuIOInDeglitch is filtered by the CpuIOUser- 
ModeMask and CpuIOSuperModeMask registers. Each bit masks access to the corresponding bits in the 
CpuIO* registers for each mode, with CpuIOUserModeMask filtering user data mode access and CpuIO- 
SuperModeMask filtering supervisor data mode access. 

The addition of the CpuIOSuperModeMask register helps prevent potential conflicts between user and 
supervisor code read modify write operations. For example a conflict could exist if the user code is inter- 
rupted during a read modify write operation by a supervisor ISR which also modifies the CpuIO* registers. 

An attempt to write to a disabled bit in user or supervisor mode will be ignored, and an attempt to read a 
disabled bit returns zero. If there are no user mode enabled bits then access is not allowed in user mode 
and a bus error will result. Similarly for supervisor mode. 

When writing to the CpuIOOut register, bits 29 to 16 are used to mask the write to the CpuIOOut[13:0]. If 
the mask bit is zero the write is active to corresponding CpuIOOut pin, otherwise the write to that pin is 
ignored 

The pseudocode for determining access to the CpuIODirection register is shown below. Similar code could 
be shown for the CpuIOOut, CpuIOIn and CpuIOInDeglitch registers. 

if <cpu_acode == SUPERVISOR_DATA ta _MODE) then 
// supervisor mode 

if (CpuIOSuperModeMask I 13:0) «= 0 ) then 

// access is denied, and bus error 

gp i o„cpu„berr = 1 
elsif (cpu_rwn 1) then 

// read mode 

gpio_cpu_data[13 :0] = ( CpuIOOut (13 :0) & CpuIOSuperModeMask t 13 : 01) 

else 

// write mode, filtered by mask 

mask(13:0J = - (cpu_dataout [29 : 16] ) & CpuIOSuperModeMask ( 13 :0J 

CpuIOOut[13:0] = (( cpu_dataout[13:0] & mask[13:0) ) | 
( CpuIOOut [13:0] & -(maskll3:0]}>)) 
elsif (cpu.acode »■ LJSER_DATA_MODE > then 
// user datamode 

if (CpuIOUserModeMask [13:0) 0 ) then 

// access is denied, and bus error 

gpio_cpu_berr = 1 
elsif (cpu_rwn 1) then 

// read mode, filtered by mask 

gpio_cpu_data = ( CpuIOOut I 13 : 01 & CpuIOUserModeMask [13 : 01 ) 
else 

// write mode, filtered by mask 

mask(l3:0] = - <cpu_dataout [29 : 161 > & CpuIOUserModeMask [13 : 0] 

CpuIOOut! 13 :0J = (< cpu_dataout(13:0] & mask [13:0} ) | 
{ CpuIOOut [13 :0J & ~{mask[l3:0m)> 

else 

// access is denied, bus error 
gpio_cpu_berr = 1 
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Table 45 details the access modes allowed for registers in the GPIO block. In supervisor mode all registers 
are accessible. In user mode forbidden accesses will result in a bus error {gp io_cpu_berr asserted). 



Table 45. GPIO supervisor and user access modes 





giiii 








0x00 


CpulOCtri 


Supervisor data mode only 




0x04 


CpulOUserModeMask 


Supervisor data mode only 




0x08 


CpulOSuperModeMask 


Supervisor data mode only 




OxOC 


CpulODirection 


CpulOUserModeMask and CpulOSuperModeMask filtered 




0x10 


CpulOOut 


CpulOUserModeMask and CpulOSuperModeMask filtered 




0x14 


CpulOln 


CpulOUserModeMask and CpulOSuperModeMask tittered 




0x18 


CpulOlnDeglitch 


CpulOUserModeMask and CpulOSuperModeMask filtered 




0x20-024 


OeGHtchCountJ1:0] 


Supervisor data mode only 




0x28-20 


DeG!itchClkSrc[1:0] 


Supervisor data mode only 




0x30 


DeGlitchSelect 


Supervisor data mode only 


1 


0x34 


MotorCtrt U 3erModeEn able 


Supervisor data mode only 


1 


0x38 to 0x3C 


MotorMasterClkPerlod[1 :0J 


MotorCtrfUserModeEnable enabled 


1 


0x40 


MotorMasterQkSrc 


MotorCtriUserMode Enable enabled 




0x44 to 0x50 


MotorCtrtHigh[3:0] 


MotorCtriUserMode Enable enabled 




0x54 to 0x60 


MotorCtf1low[3:0] 


MotorCtriUserMode Enable enabled 


1 


0x64 to 0x70 


MotorMasterClkSelectf3:0J 


MotorCtrfUserModeEnable enabled 


1 


0x74 


M otorMaste rClockEn able 


MotorCtriUserMode Enable enabled 




0x78 


LEDCtrlUserModeEnaWe 


Supervisor data mode only 




0x80 


LEDDutySelect[0] 


LEDCtf1UserModeEnable[0] enabled 




0x64 


LEDDuty Select( 1] 


UEDCtriUserModeEnable[1] enabled 




0x74 


LEDDutySelectt2] 


LEDCtrlUserModeEnable[2] enabled 




0x88 


LEDDutySelect[3] 


LEDCtriUserModeEnable{3] enabled 




0x8C 


FreqAnaPinSelect 


Supervisor data mode only 


1 


0x90 


Freq An aPIn FormSei ect 


Supervisor data mode only 




0x94 


FreqAnaLastPeriod 


Supervisor data mode only 




0x98 


Freq AnaAve rage 


Supervisor data mode only 




0x9C 


FreqAnaCountlnc 


Supervisor data mode only 


1 


OxAO 


Inte rai ptSrcSelect 


Supervisor data mode only 


1 


0xA4 


DebugSelect 


Supervisor data mode only 


1 


0xA8-0xAC 


Motor MasterCoirnt 


Supervisor data mode only 
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13.10.3 GPIO partition 
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Figure 43. GPIO partition 



13.10.4 IO control 



The IO control block connects the IO pin drivers to internal signalling based on configured setup registers 
and debug control signals. 

The motor, LED pins, I SI and LSS control logic: 
// motor and led pins 
for <i=0; i<14 ; i++) { 

if (debug_cntrl [ij == 1) then 
BPio__e(il a 1 

gpio_o[i] = debug_dat»_out [ij 
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cpu_io_in(iJ - gpio_i(i) 
if (cpu_io_ctrl[iJ == 1) then 

gpio_e[i] = cpu_io_dir [i] 

gpio_o[i) ' = cpu_io_out (i] 

cpu_io_in[i) = gpio_i[i] 
else 

// default control 

if { i < 4 > then // motor control pins 

gpio_e[iJ o 1 

gpio_o[i] = motor_ctrl (i) 

cpu_io_in[i] = gpio_i[i] 
elsif ( i < 8 ) then // LED pins 

9Pio_e(i} » 1 

gpio_o(iI » led_ctrl[i) 

cpu_io_infil = gpio_i[i} 
elsif (i < 10) then // LSS interface clock pins 

gpio_e(i) * 1 

gpio_o(i) » lss_gpio_clMi-8) 

cpu_io_in(i] = gpio_i(i] 
elsif (i < 12) then // LSS interface data pins 

gpio_e[i] = lss_gpio_e [i-10) 

gpio_o{i] = lss_gpio_doli-10] 

lss_gpio_diCi-10J = gpio_i(i) 
else // ISI interface* pins 

gpio_efi] * isi_gpio_e{i-12 J 

gpio_o[i) » isi_gpio_dout[i-12) 

isi_gpio_din[i-12] = gpio_i[i) 

> 

13.10.5 LED pulse generator 

The pulse generator logic consists of a 7-bit counter that is incremented on a \\is pulse from the timers 
block (tim_pulsefOJ). The LED control signal is generated from comparing the count value with the con- 
figured duty cycle for the LED (led_duty_sel). 

The logic is given by: 

for (i=0 i<4 ;i*+) { // for each LED pin 
// period divided into 8 segments 
period_div8 = cnt[6:4); 

if (period_div8 <= led_duty_sel [i] ) then 

led_ctrl(i] =1 ' 
else 

led_ctrl[i] » 0 
// in higher half invert the led control 
if <cnt(6] =r« 1) then 

led_ctrl(i] « - led_ctrl(ij 

> 

// update the counter every lus pulse 
if (tim_puise[0) 1) then 
cnt ++ . 

13.10.6 Motor control 

The motor controller consists of 2 counters, and 4 phase generator logic blocks, one per motor control pin. 
The counters decrement each time a timing pulse (cntjen) is received. The counters start the configured 
clock period value (motor \jnas_clk_period) and decrement to zero. If the counters are enabled (via 
motor_mas_clk_enable), the counters will automatically restart at the configured clock period value, oth- 
erwise they will wait until the counters are re-enabled 
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The timing pulse period is one oipclk, lus, lOOjis, 1ms depending on the motor _mas_clk_sel signal. The 
counters are used to derive the phase and duty cycle of the of each motor control pin. 
// decrement logic 
if (cnt_en « 1) then 

if ( (mas_cnt » 0) AND (motor_mas_clk_enable 1)) then 

mas_cnt = mot or_mas_cl)c_period[ 15:0] 
elsif ( (mas_cnt == 0) AND (motorjaas^clJc.enable == 0) ) then 

mas_cnt » 0 
else 

mas_cnt — 
else // hold the value 
mas_cnt = mas_cnt 



Cftt_en 



motor_mas_d k_src -y , 

timjxjiselO]- " 
tinuxdse(1)- 
tfm_pufse[2|- 
1- 



motor_mas_dk_perlodlO] 
motor_mas_clk_enable[0] 



motor_ctri_high • 
motor_ctrt_k>w • 
motor_mas_cTR_ael ■ 



motor_mas_cttcperiod[1 ) /* ► 
motor_ma s_cl k^enaW e( 1 ] » 




x4 







-41* 


Phase 




Generator 



motof_ctrt 



> motOf__mas_count 



Figure 44. Motor control RTL diagram 

The phase generator block generates the motor control logic based on the selected clock generator 
(motor _mas_clkjset) the motor control high transition point (motor _ctrl_high) and the motor control low 
transition point (motor _ctrl_low). There are 4 instances one per motor control pin. 

The logic is given by: 

// select the input counter to use 
if (raotor_mas_clk_sel == 1) then 

count = mas_cnt [1] 
else 

counc » mas_cnt[0) 
// Generate the phase and duty cycle 

if (<mdtor_ctrl 1 ) AND (count == motor_ctrl_low) } then 
motor_ccrl « o 

elsif ( (motor_ctrl ==» 0) AND (counc == moCor_ctrl_high>) then 

motor_ctrl = 1 
else 

znotor_ctrl = motor_ctrl // remain the same 
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13.10.7 Input deglitch 



The input deglitch logic rejects input states of duration less than the configured number of time units 
{deglitch_cnt\ input states of greater duration are reflected on the output cpujojnjieglitch. The time 
units used (either pclK lus, lOOus, 1ms) by the deglitch circuit is selected by the deglTtch_clkj5rc bus. 

There are 2 possible sets of deglitch jont and deglitch_clk_jrc that can be used to deglitch the input pins. 
The values used are selected by the deglitch _sel signal. 

Each input pin can be used to generate an interrupt. The interrupt can be generated from the raw input sig- 
nal or a deglitched version of the input The interrupt source is selected by the interrupt^srcjselect signal. 
The counter logic is given by 

if ( cpu_io_in 1= cpu_io_in_delay> then 

cnt » deglitch_cnt 

output_en o 0 
elsif (cnt 0 ) then 

cnt o cnt 

output_en o 1 
elsif (ent_en «== 1) then 

cnt 

output_en = 0 



qpujojn - 



tim_pulse[0]- 

ttm_pulse[2] — ► 
1- 



cnt_en 



deglitch_cJk_selJOj 
cteglitch^cik.setll] 

degBtch_cnt(0] 
deglltch.cntjl] 

degittcn_seJ - 




cpuJo_in_delay 



Counter 
Logic 



1 7^ 



^ en 



Compare 



output_en 



-+> cpuJoJn_deglltch 



cpujojn 
lntenupt_src_sel — 



3- 



gpto.teujrq 



Figure 45. Input de-glitch RTL diagram 

13.10.8 Frequency Analyser 

The frequency analyzer block monitors a selected input pin (selected by FreqAnaPinSelect and FreqAnaP- 
inFormSe!) and detects positive edges. Between successive positive edges detected on the input pin it 
increments a counter by a programmed amount (FreqAnaCountlnc) on each clock cycle. When a positive 
edge is detected the FreqAnaLastPeriod register is updated with the top 16 bits of the counter and the 
counter is reset. The frequency analyser also maintains a running average of the FreqAnaLastPeriod regis- 
ter. Each time a positve edge is detected on the input pin the FreqAnaAverage register is updated with the 
new calculated FreqAnaLastPeriod. The average is calculated as 7/8 the current value plus 1/8 of the new 
value. Both the FreqAnaLastPeriod and FreqAnaAverage registers can be written to by the CPU. 



The pseudocode is given by 

if ((pin « 1) AND pin_delay »»0 > ) then 
fre<j_ana_lastperiod = count [31: 16] 
f*eq_ana_average = f req_ ana_average 



// positive adge detected 
- frea_ana_average/8 + f req_ana_lastperiod/8 
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count ■ 0 
else 

count ■ count + freq_ana_count_inc 
// implement the configuration register write 
if (wr_last_en *a 1) then 

f req_ana_lastperiod ■ wr_data 
els if (wr_average_en ■= 1 ) then 

£ re(L_ana_averoge • wr_data 



cpu_toJr>..oegDtch{ 1 3:0} 

cpuJoJn[13: 

freq_ana_plnJonn_sei 
freq_ana_pln_sel(3:0| 




wr_data(15:0] / 

wr_last_en 

wr_average_en — — 
freq_ana_counUnc — 



Analyser Logic 



freq_ana_last_pertodI 1 5:0) 



+J?L S2HDL 



32 



0 



Figure 46. Frequency analyser RTL diagram 



freq_ana_averag e( 1 S :0 J 
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14 Interrupt Controller Unit (ICU) 

The interrupt controller accepts up to N input interrupt sources, determines their priority, arbitrates based 
on the highest priority and generates an interrupt request to the CPU. The ICU complies with the interrupt 
acknowledge protocol of the CPU. Once the CPU accepts an interrupt (i.e. processing of its service routine 
begins) the interrupt controller will assert the next arbitrated interrupt if one is pending. 

Each interrupt source has a fixed vector number N, and an associated configuration register, IntReg[N]. 
The format of the IntRegfN] register is shown in Table 46 below. 



Table 46. lntReg[N] register format 





IBS 




Priority 


7:0 


Interrupt priority 


Typo 


9:8 


Determines the triggering conditions for the Interrupt 

00 • Positive edge 
10- Negative edge 

01 - Positive level 

1 1 - Negative level 


Mask 


10 


Mask bit. 

1 - Interrupts from this source are enabled, 
0 - Interrupts from this source are disabled. 

Note that there may be additional masks In operation at the source of the 
interrupt 


Reserved 


31:11 


Reserved. Write as 0. 



Once an interrupt is received the interrupt controller determines the priority and maps the programmed pri- 
ority to the available CPU priority levels, and then issues an interrupt to the CPU. The mapping of pro- 
grammed priority to native interrupt levels will be fixed, and is dependent on CPU choice. 

For example for the LEON CPU there are 15 levels available which would allow 16 sub-priorities per level 
(as each level is in itself a priority). In this case priorities 255-240 map to level 15, 240-224 to level 14 and 
so on, with priorities 15-0 corresponding to level 0. Level 0 is no interrupt. Level 15 is the highest interrupt 
level. 



14.1 Interrupt preemption 

There are two types of pre-emption possible: standard LEON pre-emption and SoPEC pending pre-emp- 
tion. With standard LEON pre-emption an interrupt can only be pre-empted by an interrupt with a higher 
priority level. If an interrupt with the same priority level (1 to 15) as the interrupt being serviced becomes 
pending then it is not acknowledged until the current service routine has completed. The SoPEC pending 
pre-emption is an extension of the standard LEON scheme which is made possible by the programmable 
priority levels in the IntRegfN] register. 

Interrupts with a higher sub-priority will pre-empt interrupts with a lower sub-priority but the same prior- 
ity level mapping, if the interrupt has not been acknowledged by the CPU i.e. it is still pending. If an inter- 
rupt with a higher sub-priority arrives while an interrupt with a lower sub-priority at the same level is 
being serviced then it will not be serviced until the lower sub-priority service routine has completed 

Thus when pre-emption is required, interrupts should be programmed to different levels as interrupt prior- 
ities of the same level have no guaranteed servicing order. 

The interrupt is directly acknowledged by the CPU and the ICU automatically clears the pending bit of 
acknowledged interrupts. 
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All interrupt controller registers are only accessible in supervisor data mode. If the user code wishes to 
mask an interrupt it must request this from the supervisor and the supervisor software will resolve user 
access levels. 



14.2 Interrupt sources 

The mapping of interrupt sources to interrupt vectors (and therefore IntRegfNJ registers) is shown in 
Table 47 below. Please refer to the appropriate section of this specification for more details of the interrupt 
sources. 



Table 47. Interrupt sources vector table 







0 


Timers 


Watch Dog Timer Update request 


1 


Timers 


Generic Timer 1 interrupt 


2 


Timers 


Generic Timer 2 Interrupt 


3 


Tim Bra 


Generic Timer 3 Interrupt 


4-17 


GPIO 


GPIO general Interrupt, source pin 0 -13 


18 


MMU 


MMU Security violation 


19 


SCB 


USB Interrupt 


20 


SCB 


ISI interrupt 


21 


SCB 


DMA interrupt 


22 


LSS 


LSS Interrupt, LSS interface 0 interrupt request 


23 


LSS 


LSS interrupt LSS interface 1 interrupt request 


24 


PCU 


PEP Sub-system Interrupt- CDU finished band 


25 


PCU 


PEP Sub-system Interrupt- CDU error 


26 


PCU 


PEP Sub-system interrupt- LBD finished band 


27 


PCU 


PEP Sub-system Interrupt- TE finished band 


28 


PCU 


PEP Sub-system Interrupt- PCU finished band 


29 


PCU 


PEP Sub-system Interrupt- PCU Invalid address Interrupt 


30 


PCU 


PEP Sub-system Interrupt- PHI Buffer underrun 


31 


PCU 


PEP Sub-system Interrupt- PHI Page finished 


32 


PCU 


PEP Sub-system Interrupt- PHI Print ready 


33 


PHI 


PEP Sub-system Interrupt- PHI Line Sync Interrupt 
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1 4.3 Implementation 

14.3.1 Definitions of I/O 



Table 48. Interrupt Controller Unit I/O definition 





IM3 




Crocks and Resets 


pcfk 


1 


In 


System Clock 


prst_n 


1 


In 


System reset, synchronous active low 


CPU Interface 


cpu_adrf7:2] 


6 


In 


CPU address bus. Only 6 bits are required to decode the 
address space for the I CU block 


cpu_dataoutf31:0] 


32 


In 


Shared write data bus from the CPU 


fcu_cpu_data[31 .-0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common reaoVnot-write signal from the CPU 


CpU_(CU_8Gl 


1 


In 


Block select from the CPU. When cpujcu^sel is high both 
cpu_adr and cpujdataout are valid 


icu_cpu_rdy 


1 


Out 


Ready signal to the CPU. When icu^cpu_rdy\s high it Indi- 
cates the last cycle of the access. For a write cycle this 
means cpu_dataout has been registered by the ICU block 
and for a read cycle this means the data on leu cpu_data Is 
valid. 


teu_cpuJ1evef[3:0) 


4 


Out 


Indicates the priority level of the current active Interrupt 


cpu_iack 


1 


Out 


Interrupt request acknowledge from the LEON core. 


cpujcujlevel[3:0] 


4 


In 


Interrupt acknowledged level from the LEON core 


icu_cpu_berr 


1 


Out 


Bus error signal to the CPU indicating an invalid access. 


cpu_acodeI1:0] 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 

1 1 - Supervisor data access 


icu_cpu_debu g_valid 




Out 


Debug Data valid on lcu_cpu^data bus. Active high 


Interrupts 


Um_icu_wdjrq 




In 


Watchdog timer interrupt signal from the Timers btock 


timjcujrq(2:0] 




tn 


Generic timer interrupt signals from the Timers block 


gpio_teujrq(13:0] 


14 


In 


GPIO pin interrupts 


mmujcujrq 




tn 


Memory Management Unit interrupt 


usb_fcujrq 




In 


USB interrupt from the SCB 


tai_lco_irq 




In 


ISI interrupt from the SCB 


dma_icu_rrq 




In 


DMA interrupt from the SCB 


Issjcujrqp 




In 


LSS interface interrupt request 


cdu_fini shed band 




In 


Rnished band interrupt request from the CDU 


cdujcujpegerror 




In 


JPEQ error Interrupt from the CDU 


lbd_finishedband 




In 


Rnished band interrupt request from the LBD 


te.tinishedband 




In 


Rnished band interrupt request from the TE 


pcu_fmJshedband 




tn 


Rnished band Interrupt request from the PCU 


pcu_icu_address_invalid 




In 


Invalid address Interrupt request from the PCU 
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Table 48. Interrupt Controller Unit I/O definition 







WE 




phijcu_underrun 


i 


In 


Buffer underrun interrupt request from the PHI 


phijcu_page_finish 


i 


In 


Page finished Interrupt request from the PHI 


phijcu _print_rdy 


1 


fn 


Print ready Interrupt request from the PHI 


phfjcujlnesyncjnt 


1 


In 


Une sync Interrupt request from the PHI 



14.3.2 Configuration registers 

The configuration registers in the ICU are programmed via the CPU interface. Refer to section 1 1.4 on 
page 69 for a description of the protocol and timing diagrams for reading and writing registers in the ICU. 
Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register reads and 
writes, the lower 2 bits of the CPU address bus are not required to decode the address space for the ICU. 
When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
of icu_pcu_data. Table 49 lists the configuration registers in the ICU block. 

The ICU block will only allow supervisor data mode accesses (i.e. cpujacode(l:0] » 
SUPER VISOR_DATA). All other accesses will result in icu_cpu_berr being asserted. 



Table 49. ICU Register Map 









H 






1 


0x00 - 0x84 


lntRey[33:0] 


34x11 


0x000 


Interrupt vector configuration register 


1 


0x88-0x8C 


lntCteart1;0) 


2x32 


0x0000 
_0000 


Interrupt pending clear register. If written with a one 
it clears corresponding interrupt 
IntClearfO] - Interrupts sources 31 to 0 
IntCleanH] - Interrupts source 33 to 32 


1 


0x90-0x94 


JntPending[1:0l 


2x32 


0x0000 
_0000 


Interrupt pending register. (Read Only) 
lntPending[0] - Interrupts sources 31 to 0 
ln1Pending{1] - Interrupts source 33 to 32 


1 


0x98 


IntSource 


6 


0x00 


Indicates the Interrupt source of the current winning 
active interrupt. (Read Only) 




0x9C 


DebugSefect 


6 


0x00 


Debug address select Indicates the address of the 
register to report on the icu_cpu_data bus when it 
is not otherwise being used. 
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14.3.3 ICU partition 

tlm_lcu_wdjr< 
timjcujrq[2: 
gpioJcuJrq[13: 
mfnujcujrq 
usbjcujrq 
Jsijcujrq 
dmajcujrq 
Is3jcu_lrq[l:0 
cdujinistiedband 
odu.fcoJpeceiTor 
Ibd.finlshedband 
to.flnlshedband 
pcu_tinishodband 
pcu_icu_addres8_1nvalid 
phijcu^pagejtnish 
Dhijcu_p rlnt^rdy 
phijcu_uniderrun 
pW_lcu_tlnesync_[nt 




Figure 47. ICU partition 



14.3.4 Interrupt detect 

The ICU contains multiple instances of the interrupt detect block, one per interrupt source. The interrupt 
detect block examines the interrupt source signal, and determines whether it should generate request pend- 
ing (int_j>end) based on the configured interrupt type and the interrupt source conditions. If the interrupt is 
not masked the interrupt will be reflected to the interrupt arbiter via the intjactive signal. Once an interrupt 
is pending it remains pending until the interrupt is accepted by the CPU or it is level sensitive and gets 
removed Masking a pending interrupt has the effect of removing the interrupt from arbitration but the 
interrupt will still remain pending. 

When the CPU accepts the interrupt (using the normal I SR. mechanism), the interrupt controller automati- 
cally generates an interrupt clear for that interrupt source (cpujnt_clear). Alternatively if the interrupt is 
masked, the CPU can determine pending interrupts by polling the IntPending registers. Any active pending 
interrupts can be cleared by the CPU without using an ISR via the IntClear registers. 
The logic is shown below: 

mask « int_config(10J 

type = int_config[9:8] 

int^priority = int_conf ig(7 : 0] 

int_pend = last_int_pend // the last pending interrupt 

// update the pending ff 1 
if (<int_clear — l )OR <cpu_int_clear*=l ) ) then 

int,j>end « 0 
// test for interrupt condition 

if ((type =* NEG_LEVEL ) AND (int.src == 0) then 
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int_pend = 1 
elsif ({type o= P0S_LEVEL) AND (int_src == 1) 
int_pend = 1 

elsif ((type NEG_EDGE ) AND (int_src == l) AND (lost_int_©rc «= 0)J 
int_pend =1 

elsif ((type s« POS_EDGE ) AND (int_src == 0) AND (last_int_src -= 1) ) 

int_pend » 1 
else 

int_pend = last_int_src // stay the same as before 
// mask the pending bit 
if (mask »= 1) then 

int_active =* int_pend 
else 

int_active » 0 
// assign the registers 
last_int_arc « int_src 
last_int_j>end = int_pend 

14.3.5 Interrupt arbiter 

The interrupt arbiter logic arbitrates a winning interrupt request from multiple pending requests based on 
configured priority. It generates the interrupt to the CPU by setting icu^cpujlevel to a non-zero value. The 
priority of the interrupt is reflected by the value assigned to icujcpujlevel, the higher the value the higher 
the priority, 15 being the highest. The current winning interrupt and is reported to the CPU via the IntSrc 
register generated in the interrupt arbiter block. 
// arbitrate based on priority 
if (arb_ enable ==1 ) then 

// arbitrate with the current winner 

win_int_priority => 0 

int_src = 0 

int_request » 0 x 

for <i*0;i<34;i++) { 

if ( int__active[i] =»» 1> then { 

if Unt_priority{i] > win_int_jpriority ) then 
win_int_priority « int_priority I i) 
int_ src = i 

int_reoueat « 1 

> 

> 

) • 

// assign the CPU interrupt level 
int_ilevel = int_priority [ int_src] (7 : 4 J 
> 

14.3.6 Interrupt controller 

The interrupt controller is responsible for generating the interrupt to the CPU, accepting the interrupt 
, acknowledge from the CPU and clearing the interrupt source pending bit 
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The exact procedure is CPU dependent, but examples are given for the LEON processor. See section 1 1 .9 
on page 98 for a complete description of the interrupt handling procedure. 



Reset 



tot requests 



c 



art.enable ■ 1 



Int requests 



IntPend 



< 



)icu_cpu_l 
arb.enab 



Jlevel =*nt_U©vel 
.enable « 1 



CPU fecial AND 

cpu fcuJteYBMcu CPU flffyfri 



IntClear 



cpu_int_ctea/fim_8rc)= 1 
J arb_enabJe = O 



Machine remains In same state by default 
All outputs are zero unless otherwise stated 

State Description: 

Reset : Normal reset state 

IntPend: Interrupt pending, waiting lor CPU acknowledge 

IntClear Interrupt clear, dear the pending brt for the 
current interrupt vector 



Figure 48. Interrupt controller state diagram 

After reset the interrupt controller remains in the Reset state until the interrupt arbiter indicates that there is 
an active interrupt pending (int_request equal I ). The state machine goes to the IntPend state and signals to 
the CPU that an interrupt is pending. The machine will remain in the IntPend state until the interrupt is 
acknowledged by the CPU or the pending interrupt condition is removed 

When the interrupt is acknowledged the state machine goes to the IntClear state to clear the pending bit of 
the interrupt source. 

On completion the state machine returns to the Reset state and again waits for the next pending interrupt. 
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15 Timers Block (TIM) 



The Timers block contains general purpose timers, a watchdog timer and timing pulse generator for use in 
other sections of SoPEC. 



1 5.1 Watchdog timer 



The watchdog timer is a 32 bit counter value which counts down each time a timing pulse is received. The 
period of the timing pulse is selected by the WatchDogUnitSel register. The value at any time can be read 
from the WatchDogTimer register and the counter can be reset by writing a non-zero value to the register. 
Should the counter reach 1, a system wide reset will be triggered as if the reset came from a hardware pin. 

The watchdog rimer can be polled by the CPU and reset each time it gets close to 1 , or alternatively a 
threshold (WatchDoglntThres) can be set to trigger an interrupt for the watchdog timer to be serviced by 
the CPU. This interrupt can be effectively masked by setting the threshold to zero. The watchdog timer can 
be disabled, without causing a reset, by writing zero to the WatchDogTimer register. 



1 5.2 Timing pulse generator 



The timing block contains a timing pulse generator clocked by the system clock, used to generate timing 
pulses of lus, lOOus and 10ms. Each pulse is of one system clock duration and is active high, with the 
pulse period accurate to the system clock frequency. 

The timing pulse generator also contains a 64-bit free running counters that can be read or reset by access- 
ing the FreeRunCcunt register. 



15.3 Generic timers 



SoPEC contains 3 programmable generic timing counters, for use by the CPU to time the system. The tim- 
ers are programmed to a particular value and count down each time a timing pulse is received. If a particu- 
lar timer decrements to 0, then an interrupt is generated. The counter can be programmed to automatically 
restart the count, or wait until re-programmed by the CPU. At any time the status of the counter can be 
read from GenCntValue, or can be reset by writing to GenCntValue register. The auto-restart is activated 
by setting the GenCntAuto register, when activated the counter restarts at GenCntStart Value. A counter 
can be stopped or started at any time, without affecting the contents of the GenCntValue register, by writ- 
ing a 1 or 0 to the relevent GenCntEnable register. 
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1 5.4 Implementation 
15.4.1 Definitions of I/O 



Table 50. Timers block I/O definition 



mmssmmmm 






Clocks and Resets 


pctk 


1 


In 


System Clock 


prst_n 


1 


In ! 


System reset, synchronous active low 


tim_pufse[2:0] 


3 


Out 


Timers block generated timing pulses, each one pclk wide 
0- 1jls pulse 

1 -100 Jls pulse 

2 - 10ms pulse 


CPU Interface 


cpu_adr{6:2) 


5 


In 


CPU address bus. Only 5 bits are required to decode the 
address space for the ICU block 


cpu_dataout[31:0] 


32 


In 


Shared write data bus from the CPU 


tim_cpu_data[31 :0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_tim_sel 


1 


In 


Block select from the CPU. When cpu_tim_sei\3 high both 
cpu_atfrand cpu_dataout are valid 


tirn_cpu_rdy 


1 


Out 


Ready signal to the CPU. When tim_cpu_rdy is high It Indi- 
cates the last cycle of the access. For a write cycle this 
means cpu_dataout has been registered by the TIM block 
and for a read cycle this means the data on tim_cpu data is 
valid. 


tlm_cpu_berr 


1 


Out \ 


Bus error signal to the CPU indicating an invalid access. 


cpu_acode[1 :0] 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 

11 - Supervisor data access 


tim_cpu_debug_valid 


1 


Out 


Debug Data valid on tim_cpu_data bus. Active high 


Miscellaneous 


tim_teu_wdjrq 


1 


Out 


Watchdog timer Interrupt signal to the ICU block 


timjcujrq[2:0] 


3 


Out 


Generic timer Interrupt signals to the tCU block 


tim_cpr_reset_n 


1 


Out 


Watch dog timer system reset. j 
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15.4.2 Timers sub-block partition 



CPU 





cpu_adr 


7*—* 




cpu^tim__sef 






cpu.dataout 


► 




tim_cpu_rdy 




«- 


tim_cpu_data 






cpo_rwn 






cpu.acode 


» 

* 


«- 


tfm_cpu_berr 





^ tim cpu debug valid 



3, 



^>utse_timer_statu3 






free_run_cnt 






lree_run_data 






free_run_wen 






free run adr 




•> 





aatoa unit sal 




— * 




wdog_wen 




— ► 




wdoa tim data 




-> 




wdoa_tim cnt 


'35 


— * 



Timing pulse 
generator 



-> tlmj5ulse{2:0] 



Watchdog 
timer 



tim Jeu_wd_lrq 



-> tim_cpr_reset_o 





den tfm auto 








oan unit sal 


— V 


— ► 




Qf*n YVRR 




— ► 




aen tim data 






4 


oen_tim_cnt 




— ¥ 




nan tim, cnt st value H 










—* 



Generic 
timers ■ 



- timjcu JiqI2:0] 



Figure 49. Timers sub-block partition diagram 



15.4.3 Watchdog timer 

The watchdog timer counts down from pre-programmed value, and generates a system wide reset when 
equal to one. When the counter passes a pre-programmed threshold (wdogjtimjthres) value an interrupt is 
generated (timjcu_wdjrq) requesting the CPU to update the counter. Setting the counter to zero disables 
the watchdog reset. In supervisor mode the watchdog counter can be written to or read from at any time, in 
user mode access is denied. Any accesses in user mode will generate a bus error. 
wdofl_un)usel- 



tim_putse[0] • 
tim_puf*e(1 J - 
tlm_pulse(2l • 
1 • 



cnt_en 



wdog_wen - 
wdog_tim_data • 



wdog_tim_thres ^ » 



Counter 
Logic 



Timer 
Decode 



-+> tim_teu_wd_Irq 
tlm_cpr_reset_n 
— ► wdog_tJm — cnt 



Figure 50. Watchdog timer RTL diagram 



The counter logic is given by 

if <wdog_wen == 1) then 

wdog_tim_cnt » wdog_t in\_data // load new data 
els if ( wdog_tin\_cnt == O) then 

wdog_t indent » wdog_t indent // count disabled 
elsif ( cnt_en == 1 ) then 
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wdog_t im_cnt — 
else 

wdog_tim_cnt = wdog_t indent 

The timer decode logic is 

if (( wdog_tim_cnt == wdog_t iit\_thres ) AND (wdog_tinv_cnt 1=0 ) ) then 

tim_icu_wd_irq ° 1 
else 

tinuicu_wd_irQ = 0 
// reset generator logic 
if (wdog_tim_cnt == 1) then 

tim_cpr_reset_n = 0 
else 

tiir^cpr_reset_n = 1 



1 5.4.4 Generic timers 



The generic timers block consists of 3 identical counters. A timer is set to a pre-configured value (GenCnt- 
StartValue) and counts down once per selected timing pulse (genjunit^el). The timer can be enabled or 
disabled at any time (gen_tim_jen) t when disabled the counter is stopped but not cleared. The timer can be 
set to automatically restart (genjtim_auto) after it hits zero. In supervisor mode a timer can be written to or 
read from at any time, in user mode access is determined by the GenCntUserModeEnable register settings. 
gen_unit_sel- 

ttm_piilse(0] 
Um_putse[i] 
tim_pulse[2] 
1 

ge n_ti m_cnt__st_ value 

3sT~n Counter H I Timer 

+ tfrn_fcti_lrq 




■7* ► oen_tim_cnt 



Figure 51. Generic timer RTL diagram 

The counter logic is given by 

if (gen_wen ■» 1) then 

l gen_tim_cnt = gen_t im_data 
elsif {{ cnt_en «■ 1 ) AND (gen_tim_en ■» 1 ) ) then 



if C gen_t indent 
if {gen_tim_auto 



0) then // counter may need re-starting 
*« 1) then 
gen_tim_cnt = gen_tinucnt_st_value 
else 

gen_tim_cnt 



gen_tinucnt 
else 

gen_tim_cnt — 

else 

gen_tim_cnt = gen_tim_cnt 

The decode logic is 

if (gen_tim_cnt == 1) then 

tiin_icu_irq = 1 
else 

tin\_icu_irq = 0 
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15.4.5 Timing pulse generator 

The timing pulse generator contains a general free running 64-bit timer and 3 timing pulse generators pro- 
ducing timing pulses of one cycle duration with a period of lus, 1 00 us and 1ms. In supervisor mode the 
free running timer register can be written to or read from at any time, in user mode access is denied The 
status of each of the ljis, 100ns and 1ms timer can be read by accessing the TlmerPulseStatus registers. 
Any accesses in user mode will result in a bus error. The status of each of the lus, lOOus and 1ms timer 
can be read by accessing the TlmerPulseStatus register in supervisor mode. 



Free Run Timer 



free_run_wen 

frea.ru r»_data — £L+ 



rrae_run_adr 




fr©e_mn_cnt 



1 us Timer 



Decrement 
Logic 1 us 



100us Tim sr 



putee_tu5 • 



Decrement 
Logic 100us 



purse. lOOus ■ 



Decrement 
Logic 10ms 



10ms Tim^ 
< 



> Compare 



putoe„lua ^ arn_pulse{0] 



Compare 



tfm_pulse[l] 



Compare 



» tim _putse[2) 



p irl ao_ti mer_5tatus 



tim_putee[2:0}- 
Figure 52. Pulse generator RTL diagram 



15.4.5.1 Free Run Timer 

The increment logic block increments the timer count on each clock cycle. The counter wraps around to 
zero and continues incrementing if overflow occurs. When the timing register (FreeRunCouni) is written 
to, the configuration registers block will set the Jree_run_wen high for a clock cycle and the value on 
free_runjdata will become the new count value, for the 32 bits selected by the free_run_adr signal. If 
free_run_adr is l the higher 32 bits of the counter will be written to, otherwise the lower 32 bits are writ- 
ten to. It is the responsibility of software to handle these writes in a sensible manner. 

The increment logic is given by 
if ( f ree_rvin_wen == 1) then 

if ( f ree_run_adr oo 1) then 

frae_run_cnt [63:32] = f ree_run_data 

else 

f ree_run_cnt [31:0) « free_run_da ta 

else 
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free_run_cnc ++ 

15.4.5.2 Pulse Timers 

The pulse timer logic generates timing pulses of 1 clock cycle length and period of lus, lOOus and Ims. 

The logic for the 1 \xs timer is given by: 

// lus generator 

if (pulse_lus_cnt 0 ) then 

pulse_lus_.cn t = 159 

pulse_lus = 1 

else 

pulse_lus_cnt — 
pulse_lus s 0 

The logic for lOO^is timer is given by: 

// lOOus generator 

if ( (pulse_100us_cnt == 0 ) AND (pulse_lus 1) > then 

pulse_100us_cnt =99 

pulse_100us = 1 

elsif (pulse_lus == 1) then 

pulse_100us_cnt — 

pulse_100us = 0 

else 

pulse_100us_cnt — 
pulse_100us = 0 

The logic for the 1 Onis timer is given by: 

// 10ms generator 

if ( <pulse_10ms_cnt == 0 ) AND (pulae_100us ■= 1)) then 

pulse_10iri8_cnt = 99 

pulse_10ms » 1 

elsif (pulse.lOOus == 1) then 

pul 8 e_ 1 Oms_cn t — 

pulse_10ms « 0 
else 

pulse_10nis__cnt — 
pulse_10ms = 0 

15.4.6 Configuration registers 

The configuration registers in the TIM are programmed via the CPU interface. Refer to section 1 1.4.3 on 
page 70. for a description of the protocol and timing diagrams for reading and writing registers in the TIM. 
Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register reads and 
writes, the lower 2 bits of the CPU address bus are not required to decode the address space for the TIM. 
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When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
of tim_pcujiata* Table 51 lists the configuration registers in the TIM block . 



Table 51. Timers Register Map 









0x00 


WatchDogUnitSel 


3 


0x0 


Specifies the units used for the watchdog 
timer: 

0-1 jis pulse 

1 - 100 lis pulse 

2 - 10 ms pulse 

3 - pcik 


0x04 


Watch Dog Timer 


32 


OxFFFF 

_FFFF 


Specifies the number of units to count before 
watchdog timer triggers. 


0x08 


WatchDoglntThres 


32 


0x0000 
_0000 


Specifies the threshold vaJue below which the 
watchdog timer issues an Interrupt 


OxOC-0x10 


FreeRun Count( 1 :0] 


2x32 


0x0000 
_0000 


Direct access to the free running counter reg- 
ister. 

Bus 0 - Access to bits 31 -0 
Bus 1 - Access to bits 63-32 


0x14to0x1C 


GenCntStartVatue[2:0] 


3x32 


0x0000 
_0000 


Generic timer counter start value, number of 
units to count before event 


0x20 to 0x28 


GenCntValue{2:0] 


3x32 


0x0000 
.0000 


Direct access to generic timer counter regis- 
ters 


0x2C to 0x34 


GenCntUnitSel[2:0] 


3x2 


0x0 


Generic counter unit select. Selects the timing 
units used with corresponding counter: 

0 - 1 us pulse 

1 - 100 ms pulse 

2 - 10 ms pulse 
3 -pcik 


0x38 to 0x40 


GenCntAuto[2:0l 


3x1 


0x0 


Generic counter auto re-start select When 
high timer automatically restarts, otherwise 
timer stops. 


0x44 to 0x4C 


GenCntEnaWe[2»l 


3x1 


0x0 


Generic counter enable. 

0 - Counter disabled 

1 - Counter enabled 


0x50 


GenCntUaerModeEnable 


3 


0x0 


User Mode Access enable to generic timer 
configuration register. When 1 user access is 
enabled. 

Bit 0- Generic timer 0 
Bit 1 - Generic timer 1 
Bit 2 - Generic timer 2 


0x54 


DebugSelect 


6 


0x00 


Debug address select. Indicates the address 
of the register to report on the tim_cpu_data 
bus when it is not otherwise being used. 


Read Only Registers 


0x58 


PulseTimerStatus 


24 


0x00 


Current pulse timer values, and pulses 

6:0 - 1 us timer count 

7 -1 us pulse 

14:8 - 100us timer count 

15 - 100us pulse 

22:16- 10ms timer count 

23 - 10 ms pulse 
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1 5.4. 6. 1 Supervisor and user mode access 

The configuration registers block examines the CPU access type (cpu_acode signal) and determines if the 
access is allowed to that particular register, based on configured user access registers. If an access is not 
allowed the block will issue a bus error by asserting the tim_cpu_berr signal. 

The timers block is fully accessible in supervisor data mode, all registers can written to and read from. In 
user mode access is denied to all registers in the block except for the generic timer configuration registers 
that are granted user data access. User data access for a generic timer is granted by setting corresponding 
bit in the GenCntUserModeEnable register. This can only be changed in supervisor data mode. If a partic- 
ular timer is granted user data access then all registers for configuring that timer will be accessible. For 
example if timer 0 is granted user data access the GenCntStart Value [0] % GenCntUnitSel[0] y GenCn- 
tAutofOJ, GenCntEnablefOJ and GenCntValuefOJ registers can all be written to and read from without any 
restriction. 

Attempts to access a user data mode disabled timer configuration register will result in a bus error. 

Table 52 details the access modes allowed for registers in the TIM block. In supervisor data mode all reg- 
isters are accessable. All forbidden accesses will result in a bus error (tim_cpujberr asserted). 



Tabfe 52. TIM supervisor and user access modes 



m 



0x00 


WatchDogUnltSel 


Supervisor data mode only 


0x04 


WatchDogTirher 


Supervisor data mode only 


0x08 


Watch Dog I ntThres 


Supervisor data mode only 


0x0C-0x10 


Free RunCount 


Supervisor data mode onfy 


0x14 


GenCntStartVafue{0] 


GenCntUserMode Enable^] 


0x18 


GenCntStartValue[1] 


GenCntUserMode Enab!e[ 1 1 


0x1 C 


GenCntStartValue[2] 


GenCntUserModeEnable[2] 


0x20 


GenCntVaIue[0] 


GenCntUserModeEnable[0] 


0x24 


GenCntVaJue[1J 


GenCntUserModeEnabfep] 


0x28 


GenCntValue[2] 


GenCntUserMode Ena We{2] 


6x2C 


GenCntUnitSel[0] 


GenCntUserMode Enable [0] 


0x30 


GenCntUnltSelp] 


GenCntUserModeEnabie[1] 


0x34 


GenCntUnitSel(2] 


GenCntUserModeEnab!e[2] 


0x38 


GenCntAuto(0] 


GenCntUserMode Ena We|0] 


0x3C 


GenCntAuto[1] 


GenCntUserModeEnable(l] 


0x40 


GenCntAuto[2] 


GenCntUserModeEnable[2) 


0x44 


GenCntEnab!e[0] 


GenCntUserMode Enable[0} 


0x48 


GenCntEnable[1] 


GenCntUserMode EnaWe[1 ] 


0x4C 


GenCntEnable[2] 


GenCntUserMode Enabie[2] 


0x50 


GenCntUserMode Enable 


Supervisor data mode onfy 


0x54 


DebugSelect 


Supervisor data mode only 


0x58 


PulseTtmerStatus 


Supervisor data mode only 
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16 Clocking, Power and Reset (CPR) 

The CPR block provides all of the clock, power enable and reset signals to the SoPEC device. 

16.1 POWERDOWN MODES 

The CPR block is capable of powering down certain sections of the SoPEC device. When a section is pow- 
ered down (i.e. put in sleep mode) no state is retained, the CPU must re-initialize the section before it can 
be used again. The exact powerdown mechanism is undefined and is technology dependent. 

For the purpose of powerdown the SoPEC device is divided into sections: 



Table 53. Powerdown sectioning 







Print Engine Pipeline Subsystem 
{Section 0) 


CDU 


CFU 




LSD 




SFU 




TE j 




TFU 




HCU 




DNC 




DWU | 




LLU 




PHI 


CPU-DRAM (Section 1) 


DRAM 




CPU/MMU 




DIU 




TIM 




ROM 




LSS Interface 


Comma Subsystem (Section 2) 


USB 




IS) 




DMA Ctrl 




GPIO 




PSS 




ICU 



16.1.1 Sleep mode 

Each section can be put into sleep mode by setting the corresponding bit in the Sleep ModeEnable register. 
To re-enable the section the sleep mode bit needs to be cleared and then the section should be reset by 
writing to the relevant bit in the ResetSection register. Each block within the section should then be re-con- 
figured by the CPU. 

| If the CPU system is put into sleep mode, the SoPEC device will remain in sleep mode until a system level 

reset is initiated from the reset pin, or a wakeup reset by the SCB block as a result of activity on either the 
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USB or ISI bus. If all sections are put into sleep mode, then only a system level reset initiated by the reset 
pin will re-activate the SoPEC device. 

Like all software resets in SoPEC the ResetSection register is active-low i.e. a 0 should be written to each 
bit position requiring a reset. The ResetSection register is self-reseting. 



16.2 Reset source 

The SoPEC device can be reset by a number of sources. When a reset from an internal source is intiated 
the reset source register (ResetSrc) stores the reset source value. This register can then be used by the CPU 
to determine the type of boot sequence required 

1 6.3 Clock relationship 

The crystal oscillator excites a 32MHz crystal through the xtalin and xtalout pins. The 32MHz output is 
used by the PLL to derive the master VCO frequency of 960MHz. The master clock is then divided to pro- 
duce 320MHz clock (clk320), 160MHz clock (clkl60), 106MHz clock (elk! OS) and 48MHz (clk48) clock 
sources. 

The phase relationship of each clock from the PLL will be defined. The relationship of internal clocks 
clk320, clk!06 t clk48 and clkI60 to xtalin will be undefined The clock tree generation should create inser- 
tion delays so as to compensate for the phase difference of the clocks leaving the PLL. At the output of the 
clock block, the skew between each;?c/* domain {pclk_section[3:0J and jelk) should be within skew toler- 
ances of their respective domains (defined as less than the hold time of a D-type flip flop). 

The skew between doclk and phiclk should also be less than the skew tolerances of their respective 
domains. 

The usbclk is derived from the PLL output and has no relationship with the other clocks in the system and 
is considered asynchronous. 
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There is no skew requirement between the pclk domains and the doclk and phiclk domains, they are con- 
sidered essentially asynchronous to each other. 
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Figure 53. SoPEC dock relationship 



16.4 Implementation 
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16.4.1 Definitions of I/O 

Table 54. CPR I/O definition 





lISi! 






Clocks and Resets 


xtalin 


1 


In 


Crystal input, direct from 10 pin. 


xtaJout 




Out 


Crystal output, direct to fO pin. 


pdk_section[2:0] 




Out 


System docks for each section 


phidk 




Out 


Prfnthead interface dock (dodk/3) for the PHI block 


doclk 




Out 


Oata out dock (2x pdk) for the PHI block 


jclk 




Out 


Gated version of system dock used to clock the JPEG decoder 
core in the COU 


usbdk 




Out 


USB clock at 3 times the crystal Input frequency, nominally at 46 
Mhz 


jdk_enable 




In 


Gating signal forjdk. 


reset_n 




In 


Reset signal from the reset^n pin 


usb_cpr_reset_n 




In 


Reset signal from the USB block 


fsi_cpr_reset_n 




In 


Reset signal from the ISI block 


tin\_cpr_reset_n 




In 


Reset signal from watch dog timer. 


pret_n_section[2:0] 




Out 


System resets for each section, synchronous active low 


phirsl_n 




Out 


Reset for PHI Mock, synchronous to phidk 


dorst_n 




Out 


Reset for PHI block, synchronous to doclk 


Jrst_n 




Out 


Reset for JPEG decoder core in CDU block, synchronous to jclk 


usbrst.n 




Out 


Reset for the USB block, synchronous to usbdk 


Test Input . 


test_dk 




In 


Test dock direct from external pin, for use in production test (scan 
test) 


test_enabJe 




In 


Test enable. Direct from external pin. When high production test 
mode is enabled. 


CPU Interface 


cpu_adr{3:2l 


2 


In 


CPU address bus. Only 2 bits are required to decode the address 
space for the CPR block 


cpu_dataout[31:0] 


32 


In 


Shared write data bus from the CPU 


cpr_cpu_data(31 :0) 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU. 


cpu_cpr_sel 


1 


In 


Block select from the CPU. When cpu_cpr_sa! Is high both 
cpu_adr and cpu^dataout are valid 


cpr_cpu_rdy 


1 


Out 


Ready signal to the CPU. When cpr_cpu_rdy is high it Indicates 
the last cyde of the access. For a write cyde this means 
cpu^dataout has been registered by the block and for a read cyde 
this means the data on cpr_cpujda\a is valid. 


cpr_cpu„berr 


1 


Out 


Bus error signal to the CPU indicating an invalid access. 


cpu_acode(1 :0J 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 
11- Supervisor data access 


cpr_cpu_debug_valid 


1 


Out 


Debug Data valid on cpr_cpu_data bus. Active high 
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Table 54. CPR I/O definition 





'iPM, 


Mm 








Miscellaneous 


pwr_sleep_mode[2:0] 


3 


\ Out 


| Sleep mode t 


section select 





16.4.2 Configuration registers 

The configuration registers in the CPR are programmed via the CPU interface. Refer to section 11.4 on 
page 69 for a description of the protocol and timing diagrams for reading and writing registers in the CPR. 
Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register reads and 
writes, the lower 2 bits of the CPU address bus are not required to decode the address space for the CPR. 
When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
of cpr_pcu_data. Table 55 lists the configuration registers in the CPR block. 

The CPR block will only allow supervisor data mode accesses (i.e. cpu_acode[l:0] 
SUPER VISOR JDATA ). All other accesses will result in cprjcpujberr being asserted . 



Table 55. CPR Register Map 





HII0S 


return y assbri E^Li^j5a=L£&&j S3H*b ^irfcsfl 


0x00 


Sleep Mode Ena We 


3 


0x0 


Sleep Mode enable, when high a section of logic 
has is powercfown. Each bit controls a section 


0x04 . 


ResetSrc 


4 


0xO a 


Reset Source register, Indicating the source of 

the last reset 

Bit 0 - External Reset 

Bit 1 - USB wakeup reset 

Bit 2 • ISI wakeup reset 

Bit 3 • Watchdog timer reset 


0x08 


ResetSectton 


3 


0x7 


Active-low synchronous reset for each section, 
self-resetting. 


OxOC 


DebugSetect 


6 


0x00 


Debug address select. Indicates the address of 
the register to report on the cpr_cpu_data bus 
when it is not otherwise being used. 


PLL Control (Asynchronous reset registers) 


0x10 


PLLTuneBits 


10 


0x23 E 


PLL tuning bits 


0x14 


PLLRangeA 


4 


OxF 


PLLOUT A frequency selector (defaults to 
600Mhzto1250Mhz) 


0x18 


PLLRangeB 


3 


0x7 


PLLOUT B frequency selector (defaults to 
600Mhzto1250Mhz) 


0x1 C 


PLLMuItlplier 


5 j 


0x25 


PLL multiplier selector, defaults to mtcik x 20 



a. Reset value depends on reset source. External reset shown. 
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1 6.4.3 CPR Sub-block partition 



tescenabte 
test w cik 



test_enabJe 



Jcflc_enabte 




Figure 54. CPR block partition 
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16.4.4 Sync reset 



The reset synchronizer retimes an asynchronous reset signal to the clock domain that it resets. The circuit 
prevents the inactive edge of reset occurring when the clock is rising 



reset_dom 



prst_n 



1 



i r 



reseudom . 



synchronizer 



prsl_n 



Figure 55. Reset synchronizer logic 



1 6.4.5 Reset generator logic 



The reset generator logic is used to determine which clock domains should be reset, based on configured 
reset values (reset_section_n), the external reset (reset_n) y watchdog timer reset {tim_cpr_reset_n) and 
resets from the SCB block (isi_cpr_reset_n, usb_cpr_reset_n). The reset direct from the 10 pin {reset jn) is 
synchronized and de-glitched before feeding the reset logic. 

Resets from the SCB block reset everything except its own section (section 2), this allows data to be stored 
in the PSS block for use after a SCB powerup initiated reset 

Table 56. Reset domains 





reset_dom[0} 


doclk domain 


reset_dom{1] 


phiclk domain 


reset_dom[2] 


usbctk domain 


reset_dom[3] 


Section 0 pclk domain 


reset_dom[4] 


Section 1 pclk domain 


reset_dom[5] 


Section 2 pclk domain 


reset_dom[6] 


jdk domain 



The logic is given by 

if (reset_n == 0) then 
resoc_dom( 6 : 0] = 0x00 
reset_src[3 :0J = 0x01 

els if (usb__cpr_reset_ n 0) 
reset_dom|6 : 0] = 0x20 
reset_src 13 : 0) » 0x02 

els if ( isi_cpr_reset_n «*■ 0) 
reset_don>C6:0] = 0x20 
reset_src[3 :0] * 0x04 

elsif <tirucpr_reset_n »« 0) 
reset_dom[6 :0] = 0x00 
reset_src[3 :0] = 0x08 



// resec everything 
then 

// all except comms domain 
then 

// all except comma domain 
then 

// reset everything 
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else 

// propagate resets from reset section register 

reset_domt5 : 0) 3 0x3F 

if (reset_section_n(0] == 0) then 

reset_dom[3] « 0 
if ( reset_sect ion_n [ 1 J == 0) then 

reset_doro[4J * 0 
if (reset_section_n(2) == 0) then 

reset_dom[S] « 0 



16.4.6 Gate enable logic 



The gate enable logic is a combinational logic block used to generate gating signals for each of SoPECs 
clock domains. The gate enable {gatejiomain) is generated based on the configured $leep_mode_en and 
the internally generated jclk_jmable signal. 

The logic is given by 

// clock gating for sleep modes 
gate_doml5:3] = 0x7 // default to on 
for (i=0 ;i < 3 ; i++) ( 
if <sleep_mode_en[i] 
gate_dom(i+3 J = 0 
pwr_sleep_mode [ i ] 



== 1) then 



== 1 



) 



// jclk and remaining 
gate_dom[2 : 0) « 0x7 
gate_domC6] = - (jclk_enable) 



16.4.7 Clock gate logic 



The clock gate logic is used to safely gate clocks without generating any glitches on the gated clock. When 
the enable is high the clock is active otherwise the clock is gated. 



arc_clk | 
gate_dom 
gat e_do m_retimed" 



J L 



gate_dock 



J L 



gate_dom- 



src_cJk- 



gate_dom_retjmed 



>gate_clock 



Figure 56. Clock gate logic diagram 
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16.4.8 Clock generator Logic 

The clock generator block contains the PLL, crystal oscillator, clock dividers and associated control and 
. test logic. The PLL VCO frequency is at 960Mhz locked to a 32 Mhz refclk generated by the crystal oscil- 
lator. In test mode the xtalin signal can be driven directly by the test clock generator, the test clock will be 
reflected on the refclk signal to the PLL. 

test_enable ^ 




refclk 



pll_range_a 
pU_range_b 
plLmultplier 
pIMune 



prst_n 




► Cik320 

► dk160 
>clk106 



>cik48 



Figure 57. PLL and Clock divider logic 



16.4.8.1 Clock divider A 

The clock divider A block generate the 320Mhz, 160Mhz and 106Mhz clocks from the input 320Mhz 
clock (pll_outb) generated by the PLL. The divider flips flops are asynchronously reset by the prst_n sig- 
nal. The divders are enabled only when the PLL has acquired lock as indicated by the plljock signal. 

16.4.8.2 dock divider B 

The clock divider B block generate the 48Mhz clock from the input 96Mhz clock (p!l_puta) generated by 
the PLL. The divider flips flops are asynchrously reset by the prst_n signal. The divders are enabled' only 
when the PLL has acquired lock as indicated by the plljock signal. 
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17 ROM Block 



17.1 Overview 

The ROM block interfaces to the CPU bus and contains the SoPEC boot code. The ROM block consists of 
the CPU bus interface, the ROM macro and the ChipID macro. The current ROM size is 16 KBytes imple- 
mented as a 4096 x32 macro. Access to the ROM is not cached because the CPU enjoys fast (no more than 
one cycle slower than a cache access), unarbitrated access to the ROM. 

Each SoPEC device is required to have a unique ChipID which is set by blowing fuses at manufacture. 
IBM's 300mm ECID macro is to be used to implement the ChipID and this offers 112-bits of laser fuses. 
The exact number of fuse bits to be used for the ChipID will be determined later but all bits are made 
available to the CPU. The ECID macro allows all 1 12 bits to be read out in parallel and the ROM block 
will make all 1 12 bits available in the FuseChipIDfNJ registers which are readable by the CPU in supervi- 
sor mode only. 



17.2 Boot operation 

The are two boot scenarios for the SoPEC device namely after power-on and after being awoken from 
sleep mode. When the device is in sleep mode it is hoped that power will actually be removed from the 
DRAM, CPU and most other peripherals and so the program code will need to be freshly downloaded each 
time the device wakes up from sleep mode. In order to reduce the wakeup boot time (and hence the per- 
ceived print latency) certain data items are stored in the PSS block (see section 18). These data items 
include the SHA-1 hash digest expected for the program(s) to be downloaded, the master/slave SoPEC id 
and some configuration parameters (currently TBD). All of these data items are stored in the PSS by the 
CPU prior to entering sleep mode. The SHA-1 value stored in the PSS is calculated by the CPU by 
decrypting the signature of the downloaded program using the appropriate public key stored in ROM. This 
compute intensive decryption only needs to take place once as part of the power-on boot sequence - subse- 
quent wakeup boot sequences will simply use the resulting SHA-1 digest stored in the PSS. Note that the 
digest only needs to be stored in the PSS before entering sleep mode and the PSS can be used for tempo- 
rary storage of any data at all other times. 

The CPU is expected to be in supervisor mode for the entire boot sequence described by the pseudocode 
below. Note that the boot sequence has not been finalised but is expected to be close to the following: 

if ( ResetSrc == 1) then // Reset was a power-on reset 

conf igure_sopec // need to configure peris (USB, ISI, DMA, ICU etc.) 
// Otherwise reset was a wakeup reset so peris etc. were already configured 
PAUSE; wait until IrqSemaphore l» 0 //i.e. wait until an interrupt has been serviced 
if (IrqSemaphore « DMAChanOMsg) then 

parse_msg(DMAChanOMsgPtr) // this routine will parse the message and take any 

// necessary action e.g. programming che DMAChannell registers 
elsif (IrqSemaphore == DMAChanlMsg) then // program has been downloaded 

CalculatedHash = gen_shal (ProgramLocn, ProgramSize) 

if (ResetSrc 1) then 

ExpectedHash * sig_decrypt ( ProgramSig) 

else 

ExpectedHash = PSSHash 
if {ExpectedHash == CalculatedHash) then 

jmp(PrgramLocn) // transfer control to the downloaded program 
else 

send_host_msg ( "Program Authentication Failed") 
goto PAUSE: 

elsif (IrqSemaphore timeout) then // nothing has happened 
if (ResetSrc »« 1) then 
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slsep_mode( ) // put SoPEC into sleep mode tq be woken up by USB/ISI activity 
else //we were woken up but nothing happened 
reset_sopec ( PowerOnReset ) 

else 

goto PAUSE 



The boot code places no restrictions on the activity of any programs downloaded and authenticated by it 
other than those imposed by the configuration of the MMU i.e. the principal function of the boot code is to 
authenticate that any programs downloaded by it are from a trusted source. It is the responsibility of the 
downloaded program to ensure that any code it downloads is also authenticated and that the system 
remains secure. The downloaded program code is also responsible for setting the SoPEC ISIId (see section 
12.7 for a description of the ISIId) in a multi -SoPEC system. See the "SoPEC Security Overview" docu- 
ment [9] for more details of the SoPEC security features. 



17.3 Implementation 



17.3.1 Definitions of I/O 

Table 57. ROM Block I/O 



Clocks and Resets 


prsl_n 


1 


In 


Global reset. Synchronous to pdk, active low. j 


pdk 


1 


in 


Global clock 


CPU Interface 


cpu_adr[1 5:2] 


14 


In 


CPU address bus. Only 14 bits are required to decode the address 
space for this block. 


rom_cpu_data[31 :0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/not -write signal from the CPU 


cpu_acdde[1:0] 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 

1 1 - Supervisor data access 


cpu_rorn_sel 


1 


In 


Block select from the CPU. When cpu_rom„$el is high cpu_adr ia 
valid 


rom_cpu_rdy 


1 


Out 


Ready signal to the CPU. When rom_cpu_rxfy\$ high It indicates 
the last cycle of the access. For a read cycle this means the data on 
romjqpu_data Is valid. 


rom_cpu_berr 


1 


Out 


ROM bus error signaJ to the CPU indicating an invalid access. 



17.3.2 Configuration registers 

The ROM block will only allow read accesses to the FuseChipID registers with supervisor data space per- 
missions (i.e. cpujacode[l:0] = 11). All other accesses of the FuseChipID registers will result in 
rom_cpuJberr being asserted. The ROM block allows all read accesses to the ROM itself (i.e supervisor or 
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user, data or program accesses). The CPU subsystem bus slave interface is described in more detail in sec- 
tion 9.4.3. 



Table 56. ROM BJock Register Map 




Value of corresponding fuse bits. (Read only) 



17.3.3 Sub-Block Partition 



IBM offer two variants of their ROM macros; A high performance version (ROMHD) and a low power 
version (ROMLD). It is likely that the low power version will be used unless some implementation issue 
requires the high performance version. Both versions offer the same bit density. The sub-block partition 
diagram below does not include the clocking and test signals for the ROM or ECID macros. The CPU sub- 
system bus interface is described in more detail in section 1 1.4.3. 



ROM Macro 
4096 x 32 



ronruadr 




IBM 300mm ECID macro 

r — — — — — — ^ 

Fygpoop 



cpu_adr 

3 ^ ► rom_cpu_data 
cpu_rom_sel 
cpu_rwn 
rom_cpu_rdy 
cpu_acode 
rom_cpu_berr 



17.3.4 Sub-block signal definition 



Figure 53. Sub-block partition of the ROM block 





wmmmmMmmmmmmm 


Clocks and Resets 


prst_n | 1 


| Global reset. Synchronous tg pctk. active low. 
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Table 59. ROM Block Internal signals 



pclk 


1 


Global dock 


Internal Signals 


rom_adrn 1 :0J 


12 


ROM address bus 


rom_sel 


1 


Select signal to the ROM macro Instructing it to access the location 
at rom_adr 


rom_oe 


1 


Output enable signal to the ROM block 


rom_data(31:0l 


32 


Data bus from the ROM macro to the CPU bus Interface 


rorn_dvand 


1 


Signal from the ROM macro Indicating that the data on rom_data is 
valid for the address on rom_adr 


hjse_data[31:0] 


32 


Data from the FuseChiptDfN] register addressed by fuse_reg_adr 


fuse_reg_adrl1:0] 


2 


Indicates which of the FuseChipID registers is being addressed 
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1 8 Power Safe Storage (PSS) Block 

18.1 Overview 

The PSS block provides 128 bytes of storage space that will maintain its state when the rest of the SoPEC 
device is in sleep mode. The PSS is expected to be used primarily for the storage of decrypted signatures 
associated with downloaded programmed code but it can also be used to store any information that needs 
to survive sleep mode (e.g. configuration details). Note that the signature digest only needs to be stored in 
the PSS before entering sleep mode and the PSS can be used for temporary storage of any data at all other 
times. 

Prior to entering sleep mode the CPU should store all of the information it will need on exiting sleep mode 
in the PSS. On emerging from sleep mode the boot code in ROM will read the ResetSrc register in the CPR 
block to determine which reset source caused the wakeup. The reset source information indicates whether 
or not the PSS contains valid stored data, and the PSS data determines the type of boot sequence to exe- 
cute. If for any reason a full power-on boot sequence should be performed (e.g. the printer driver has been 
updated) then this is simply achieved by initiating a full software reset. 



18.2 Implementation 

The storage area of the PSS block will be implemented as a 128-byte register array. The array is located 
from PSS_base through to PSSJ>ase+0x7F in the address map. The PSS block will only allow read or 
write accesses with supervisor data space permissions (i.e. cpu_acode[l:0] =11). All other accesses will 
result in pss_cpujberr being asserted. The CPU subsystem bus slave interface is described in more detail 
in section 11.4.3. 
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18.2.1 Definitions of I/O 

Table 60. PSS Block 1/6 



Clocks and Resets 



prst^n 


1 


fn 


Global reset. Synchronous to pdk, active low. 


pdk 


1 


In 


Global clock 


CPU Interface 


cpu_adr[6:2] 


5 


In 


CPU address bus. Only 5 bits are required to decode the address 
8 pace for this block. 


cpu_dataout[31:0] 


32 


In 


Shared write data bus from the CPU 


p88_cpu_data(3 1 :0] 


32 


Out 


Read data bus to the CPU 


cpu_rwr> 


1 


In 


Common read/not-write signal from the CPU 


cpu_acode[l :0] 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

1 0 - Supervisor program access 
11- Supervisor data access 


cpu_ps9_sel 


1 


In 


Bfock select from the CPU. When cpu^pss_sal is high both cpu^adr 
and cpu_dataout are valfd 


pss_cpu_rdy 


1 


Out 


Ready signal to the CPU. When p$s_cpu_rxfy'\Q high it Indicates the 
Fast cycle of the access. For a read cycle this means the data on 
pss_cpu_data is valid. 


pss_cpu_berr 


1 


Out 


PSS bus error signal to the CPU Indicating an Invalid access. 
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19 Low Speed Serial Interface (LSS) 



19.1 Overview 



The Low Speed Serial Interface (LSS) provides a mechanism for the internal SoPEC CPU to communicate 
with external QA chips via two independent LSS buses. The LSS communicates through the GPIO block 
to the QA chips. This allows the QA chip pins to be reused in multi-SoPEC environments. The LSS Mas- 
ter system-level interface is illustrated in Figure 59. Note that multiple QA chips are allowed on each LSS 
bus. 

CPU sub-system bus 



CPU 



H— ^ — H 



LSS Master 



SoPEC 



GPIO 



LSS busQ 



QA Chip 0 



QA Chip 1 



LSS bus 1 



QA Chip 2 



QACh!p3 



Figure 59. LSS master system-level interface 



19.2 QA COMMUNICATION 

The SoPEC data interface to the QA Chips is a low speed, 2 pin, synchronous serial bus. Data is trans- 
ferred to the QA chips via the lss_data pin synchronously with the Iss^clk pin. When the lss__clk is high the 
data on lss_jdata is deemed to be valid. Only the LSS master in SoPEC can drive the Issjclk pin, this pin is 
an input only to the QA chips. The LSS block must be able to interface with an open-collector pull-up bus. 
This means that when the LSS block should transmit a logical zero it will drive 0 on the bus, but when it 

| should transmit a logical 1 it will leave high-impedance on the bus (i.e. it doesn't drive the bus). If all the 

agents on the LSS bus adhere to this protocol then there will be no issues with bus contention. 

| The LSS block controls all communication to and from the QA chips. The LSS block is the bus master in 

all cases. The LSS block interprets a command register set by the SoPEC CPU, initiates transactions to the 
QA chip in question and optionally accepts return data. Any return information is presented through the 
configuration registers to the SoPEC CPU. The LSS block indicates to the CPU the completion of a com- 

| mand or the occurrence of an error via an interrupt. 

19.2.1 Start and stop conditions 

All transmissions on the LSS bus are initiated by the LSS master issuing a START condition and termi- 
nated by the LSS master issuing a STOP condition. START and STOP conditions are always generated by 
the LSS master. As illustrated in Figure 60, a START condition corresponds to a high to low transition on 
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lss_data while lss_clk is high. A STOP condition corresponds to a low to high transition on iss^data while 
lss_clk is high. 



Iss.data 



Iss.clk 




Figure 60. START and STOP conditions 



19.2.2 Data transfer 



Data is transferred on the LSS bus via a byte orientated protocol. Bytes are transmitted serially. Each byte 
is sent most significant bit (MSB) first through to least significant bit (LSB) last. One clock pulse is gener- 
ated for each data bit* transferred Each byte must be followed by an acknowledge bit 

The data on the lss_data must be stable during the HIGH period of the iss_clk clock. Data may only 
change when lss_clk is low. A transmitter outputs data after the falling edge oflssjclk and a receiver inputs 
the data at the rising edge of lss_clk. This data is only considered as a valid data bit at the next Iss^clk fall- 
ing edge provided a START or STOP is not detected in the period before the next Issjclk falling edge. All 
clock pulses are generated by the LSS block. The transmitter releases the lss_data line (high) during the 
acknowledge clock pulse (ninth clock pulse). The receiver must pull down the lss_data line during the 
acknowledge clock pulse so that it remains stable low during the HIGH period of this clock pulse. 

Data transfers follow the format shown in Figure 61. The first byte sent by the LSS master after a START 
condition is a primary id byte, where bits 1-2 form a 6-bit primary id (0 is a global id and will address all 
QA Chips on a particular LSS bus), bit 1 is an even parity bit for the primary id, and bit 0 forms the read/ 
write sense. Bit 0 is high if the following command is a read to the primary id given or low for a write 
command to that id. An acknowledge is generated by the QA chip(s) corresponding to the given id (if such 
a chip exists) by driving the Issjdata line low synchronous with the LSS master generated ninth Issjclk. 



ISS.daU /bia7-l"]( bitO \ Ack / \bit*7.l) ( bitO \ Acfc / \ bi»7- l) ( bitO )( Nack \ \J \ 

* * ii 

\J\J^-'AJAJAJ-'\J^Rj^ 



lss_clk 



j | 1| I u 



START CDbytt[7:l] R/W ACK DATA. ACK DATA 

Figure 61. LSS transfer of 2 data bytes 



ACK STOP 
condition 



19.2.3 Write procedure 



The protocol for a write access to a QA Chip over the LSS bus is illustrated in Figure 63 below. The LSS 
master in SoPEC initiates the transaction by generating a START condition on the LSS bus. It then trans- 
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mits the primary id byte with a 0 in' bit 0 to indicate that the following command is a write to the primary 
id An acknowledge is generated by the QA chip corresponding to the given primary id. The LSS master 
will clock out M data bytes with the slave QA Chip acknowledging each successful byte written. Once the 
slave QA chip has acknowledged the M 01 data byte the LSS master issues a STOP condition to complete 
the transfer. The QA chip gathers the M data bytes together and interprets them as a command- See QA 
Chip Interface Specification for more details on the format of the commands used to communicate with 
the QA chip[8]. Note that the QA chip is free to 'not acknowledge any byte transmitted. The LSS master 
should respond by issuing an interrupt to the CPU to indicate this error. The CPU should then generate a 
STOP condition on the LSS bus to gracefully complete the transaction on the LSS bus. 



Byte 0 
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ED bytcH:!! 


0 


H 


Daia(8) 





Byte M-l Byte M 



Data<8) 



Daii(8> I 



S = Suit condition 
AsAck 
N = Nack 
P o Stop condition 
Shaded bits driven by slave 



Figure 62. Example of LSS write to a QA Chip 



19.2.4 Read procedure 

The LSS master in SoPEC initiates the transaction by generating a START condition on the LSS bus. It 
then transmits the primary id byte with a 1 in bit 0 to indicate that the following command is a read to the 
primary id. An acknowledge is generated by the QA chip corresponding to the given primary id. The LSS 
master releases the Issjdata bus and proceeds to clock the expected number of bytes from the QA chip 
with the LSS master acknowledging each successful byte read. The last expected byte is not acknowledged 
by the LSS master. It then completes the transaction by generating a STOP condition on the LSS bus. See 
QA Chip Interface Specification for more details on the format of the commands used to, communicate 
with the QA chip[8). 
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S = Start condition 
A = Ack 
N = Nack 
P = Stop condition 
Shaded bits driven by slave 



Figure 63. Example of LSS read from QA Chip 
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19.3 Implementation 

A block diagram of the LSS master is given in Figure 64. It consists of a block of configuration registers 
that are programmed by the CPU and two identical LSS master units that generate the signalling protocols 
on the two LSS buses as well as interrupts to the CPU. The CPU initiates and terminates transactions on 
the LSS buses by writing an appropriate command to the command register, writes bytes to be transmitted 
to a fifo and reads bytes received from a fifo, and checks the sources of interrupts by reading status regis- 
ters. 
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Low Speed Serial 
Interface 
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T T T T T 
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Figure 64. LSS block diagram 
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19.3.1 Definitions of IO 



Table 61 . LSS IO pins definitions 







mm 


tHsaEBBHHEBaHHa 


Clocks and Resets 


pclk 


1 


In 


System Clock 


prst_n 


r . 


In 


System reset, synchronous active low 


CPU Interface 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_adr(7:2] 


5 


In 


CPU address bus. Only € bits are required to decode the 
address space for this block 


cpu_dataoutl31:0] 


32 


In 


Shared write data bus from the CPU 


cpu_acode[1 :0] 


2 


In 

t 


CPU access code signals. I 
cpu_acode[0] - Program (0) / Data (t) access 
cpu_acode[1] - User (0) / Supervisor (1) access 


cpujss_8el 


1 


In 


Block select from the CPU. When cpu_lss_sel is high both 
cpu_adr and cpu_dataout are valid 


lss_cpu_rdy 


1 


Out 


Ready signal to the CPU. When iss_cpu_rdy \$ high it indicates 
the last cycle of the access. For a write cycle this means 
cpu^dataout haa been registered by the LSS block and for a 
read cycle this means the data on Issjcpu^data is valid. 


lss_cpu_berr 


1 


Out 


LSS bus error signal to the CPU. 


lss_cpu_data[31 :0J 


32 


Out 


Read data bus to the CPU 


lss_cpu_debug_vaJtd 


1 


Out 


Active high. Indicates the presence of valid debug data on 
lss_cpu_dat£L 


GPIO for LSS buses 


lss_gplo_do(1:0] 


2 


Out 


LSS bus data output 
BitO-LSS busO 
Bit 1 - LSS bus 1 


gpio Jss_di[1 :0] 


2 


In 


LSS bus data input 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


(ss_gplo_el1:0) 


2 


Out 


LSS bus data output enable, active high 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


lss_gpio_clk[1:0] 


2 


Out 


LSS bus clock output 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


TCU interface 


Jssjcujrq[1:0] 


2 


Out 


LSS interrupt requests 

Bit 0 - interrupt associated with LSS bus 0 

Bit 1 - interrupt associated with LSS bus 1 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 186 




SoPEC : Hardware Design 



19.3.2 Configuration registers 

The configuration registers in the LSS block are programmed via the CPU interface. Refer to section 1 1.4 
on page 69 for the description of the protocol and timing diagrams for reading and writing registers in the 
LSS block. Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register 
reads and writes, the lower 2 bits of the CPU address bus are not required to decode the address space for 
the LSS block. Table 62 lists the configuration registers in the LSS block. When reading a register that is 
less than 32 bits wide zeros should be returned on the upper unused bit(s) of Issjcpujiata. 

The input cpujacode signal indicates whether the current CPU access is supervisor, user, program or data. 
The configuration registers in the LSS block can only be read or written by a supervisor data access, i.e. 
when cpujacode equals bl 1. If the current access is a supervisor data access then the LSS responds by 
asserting lss_cpujrdy for a single clock cycle. 

If the current access is anything other than a supervisor data access, then the LSS generates a bus error by 
asserting Iss^cpujberr for a single clock cycle instead of lss_cpujrdy as shown in section 1 1.4 on page 69. 
A write access will be ignored, and a read access will return zero. 



Table 62. LSS Control Registers 



Bill 




m 


MM 




Control registers 


OxOO 


Reset 


1 


0x1 


A write to this register causes a reset of the LSS. 


0x04 


LssClockHigh Period 


16 


oxooce 


High period of Issjctk expressed as a number of pcik 
cycles. Transmission over the LSS bus Is at a nominal 
rate of 400kHz t corresponding to a high period of 200 
pcik (1 60Mhz) cycles for a 50/50 duty cycle. 


0x08 


LssClockLowPertod 


16 


OxOOCB 


Low period of Iss^&k expressed as a number of pcfk 
cycles. Transmission over the LSS bus is at a nominal 
rate of 400kHz, corresponding to a low period of 200 
pcik (1 BOMhz) cycles tor a 50/50 duty cyde. 


LSS bus 0 registers 


0x10 


LssOlntStatus 


3 


0x0 


LSS bus 0 interrupt status registers 

Bit 0 - command completed successfully 

Bit 1 - error during processing of command, 

not -acknowledge received after transmission 

of primary Id byte on LSS bus 0 
Bit 2 - error during processing of command, 

not -acknowledge received after transmission 

of data byte on LSS bus 0 
A 1 in a bit of fssO_status_$et signal causes the corre- 
sponding bit in LssOlntStatus register to be set. 
All the bits In LssOlntStatus are cleared when the 
LssOCmd register gets written to. 
(Read only register) 


0x14 


LssOCurrentState 


4 


0x0 


Gives the current state of the LSS bus 0 state 
machine. (Read only register). 
(Encoding will be specified upon state machine Imple- 
mentation) 


0x18 


LssOCmd 


22 


0x00 
_0000 


Command register defining sequence of events to 
perform on LSS bus 0 before Interrupting CPU. 
A write to this register causes ail the bits in the 
LssOlntStatus register to be cleared as well as gener- 
ating a Iss0_new_cmd pulse. 
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Table 62. LSS Control Registers 













0x1C-0x2C 


Lss0fifo[4:0] 


5x32 


0x0000 
_0000 


LSS Data buffer. Should be filled with transmit data 
before transmit command, or read data bytes received 
after a valid read command. 


LSS bus 1 registers 


0x30 


Lss1 IntStatus 


3 


0x0 


LSS bus 1 inter runt status re oi stars 

Bit 0 - command completed successfully 

Bit 1 - error during processing of command, 

not -acknowledge received after transmission 

of primary id byte on LSS bus 1 
Bit 2 - error during processing of command, 

not -acknowledge received after transmission 

of data byte on LSS bus 1 
A 1 in a bit of tss1_status_set signal causes the corre- 
sponding bit fn L&slfntStatus register to be set. 
All the bits in LssUntStatus are cleared when the 
LssWmd register gets written to. 
(Read only register) 


0x34 


LsstCunentState 


4 


0x0 


Gives the current state of the LSS bus 1 state 
machine. (Read only register) 
(Encoding will be specified upon state machine Imple- 
mentation) 


0x38 


LsslCmd 


22 


0x00_ 
0000 


Command register defining sequence of events to 
perform on LSS bus 1 before interrupting CPU. 
A write to this register causes all the bits fn the 
LssUntStatus register to be cleared as well as gener- 
ating a t$s1„new_cmd pulse. 


0x3C-0x4C 


Lss1Buffert4:0l 


5x32 


0x0000 
_0000 


LSS Data buffer. Should be filled with transmit data 
before transmit command, or read data bytes received 
after a valid read command. 


Debug registers 


0x50 


LssDebugSel 


5 


0x00 


Selects register for debug output. This value is used 
as the input to the register decode logic instead of 
cpu^adr[6:2] when the LSS block is not being 
accessed by the CPU, I.e. when cpu_lss_sef Is 0. 
The output lss_cpu_debug_ valid is asserted to Indi- 
cate that the data on tss_cpu_data Is valid debug 
data. This data can be mutliplexed onto chip pins dur- 
ing debug mode. 



19.3.2.1 LSS command registers 

The LSS command registers define a sequence of events to perform on the respective LSS bus before issu- 
ing an interrupt to the CPU. There is a separate command register and interrupt for each LSS bus. The for- 
mat of the command is given in Table 63. The CPU writes to the command register to initiate a sequence 
of events on an LSS bus. Once the sequence of events has completed or an error has occurred, an interrupt 
is sent back to the CPU. 

Some example commands are: 

• a single START condition (Start - 1 , IdByteEnable - 0, RdWrEnable - 0, Stop = 0) 

• a single STOP condition (Start = 0, IdByteEnable = 0, RdWrEnable - 0, Stop - 1) 

• a START condition followed by transmission of the id byte (Start =* 1 , IdByteEnable - 1 , RdWrEnable 
= 0, Stop ■ 0, IdByte contains primary id byte) 
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• a write transfer of 20 bytes from the data buffer (Start - 0, IdByteEnable « 0, RdWrEnable = 1, 
RdWrSense « 0, Stop = 0, TxRxByteCount = 20) 

• a read transfer of 8 bytes into the data buffer (Start ° 0, IdByteEnable = 0, RdWrEnable - i, 
RdWrSense = 1 , ReadNack = 0, Stop = 0, Txitriy/eCounf = 8) 

• a complete read transaction of 1 6 bytes (Start « 1 , IdByteEnable = 1 , RdWrEnable - 1 , RdWrSense = 1 , 
ReadNack = I, Stop = 1, /<£0yte contains primary id byte, TxRxByteCount = 16), etc. 

The CPU can thus program the number of bytes to be transmitted or received (up to a maximum of 20) on 
the LSS bus before it gets interrupted This allows it to insert arbitrary delays in a transfer at a byte bound- 
ary. For example the CPU may want to transmit 30 bytes to a QA chip but insert a delay between the 20 th 
and 21 5t bytes sent. It does this by first writing 20 bytes to the data buffer. It then writes a command to gen- 
erate a START condition, send the primary id byte and then transmit the 20 bytes from the data buffer. 
When interrupted by the LSS block to indicate successful completion of the command the CPU can then 
write the remaining 10 bytes to the data buffer. It can then wait for a defined period of time before writing 
a command to transmit the 10 bytes from the data buffer and generate a STOP condition to terminate the 
transaction over the LSS bus. 

An interrupt to the CPU is generated for one cycle when any bit in LssNIntStatus is set. The CPU can read 
LssNIntStatus to discover the source of the interrupt and can clear a bit in LssNIntStatus by writing a 1 to 
the corresponding bit in LssNIntStatus register. Alternatively the CPU can start a new command which 
will automatically reset all LssNIntStatus bits. 



Table 63. LSS command register description 



IMS 






0 


Start 


When 1 , Issue a START condition on the LSS bus. 


1 


IdByteEnable 


ID byte transmit enable: 

1 - transmit byte in IdByte field 

0 - Ignore byte in IdByte field 


2 


RdWrEnable 


Read/write transfer enable: 

0 - Ignore settings of RdWrSense, ReadNack and TxRxByteCount 

1 - If RdWrSense is 0. then perform a write transfer of TxRxByteCount bytes from the 

data buffer 

if RdWrSense is 1 , then perform a read transfer of TxRxByteCount bytes into the 
data buffer. Each byte should be acknowledged and the last byte received is 
acknowiedged/noi-acknowl edged according to the setting of ReadNack, 


3 


RdWrSense 


Read/write sense indicator: 

0 - write 

1 - read 


4 


ReadNack 


Indicates, for a read transfer, whether to issue an acknowledge or a not-acknowtedge 
after the last byte received (Indicated by TxRxByteCount). 

0 - issue acknowledge after last byte received 

1 - issue not-ackn owl edge after last byte received. 


5 


Stop 


When 1 . issue a STOP condition on the LSS bus. 


7:6 


reserved 


Must be O 


15:8 


IdByte 


Byte to be transmitted if IdByteEnable is 1 . Bit 8 corresponds to the LSB. 


20:16 : 


TxRxByteCount 


Number of bytes to be transmitted from the data buffer or the number of bytes to be 
received Into the data buffer. The maximum value that should be programmed is 20, as 
the size of the data buffer is 20 bytes. 



The data buffer is implemented in the LSS master block. When the CPU writes to the LssNBuffer registers 
the data written is presented to the LSS master block via the hsNJbuffer_wrdata bus and configuration 
registers block pulses the lssN_buffer_wen bit corresponding to the register written. For example if LssN- 
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Buffer[2] is written to lssNJbufferjwen[2] will be pulsed. When the CPU reads the LssNBuffer registers 
the configuration registers block reflect the lssNJbuffer_rdata bus back to the CPU. 

1 9.3.3 LSS master unit 

The LSS master unit is instantiated for both LSS bus 0 and LSS bus 1. It controls transactions on the LSS 
bus by means of the state machine shown in Figure 65, which interprets the commands that are written by 
the CPU. It also contains a single 20 byte data buffer used for transmitting and receiving data. 

The CPU can write data to be transmitted on the LSS bus by writing to the LssNBuffer registers. It can also 
read data that the LSS master unit receives on the LSS bus by reading the same registers. The LSS master 
always transmits or receives bytes to or from the data buffer in. the same order. For example a transmit 
command 

For a transmit command, LssNBuffer fOJ [7:0] gets transmitted first, then LssNBuffer [0] [15:8]. LssNBuf- 
fer [0] [23:16], LssNBuffer[0] [31:24], LssNBuffer [1] p. 0] and so on until TxRxByteCount number of 
bytes are transmitted. A receive command fills data to the buffer in the same order. Each new command the 
buffer start point is reset. 

All state machine outputs, flags and counters are cleared on reset. After a reset the state machine remains 
in the Idle state until lss_cmd_valid equals 1. If the Start bit of the command is 0 the state machine pro- 
ceeds directly to the CheckldByteEnable state. If the Start bit is 1 it proceeds to the GenerateStart state 
and issues a START condition on the LSS bus. 

In the CheckldByteEnable state, if the IdByteEnable bit of the command is 0 the state machine proceeds 
directly to the CheckRdWrEnable state. If the IdByteEnable bit is 1 the state machine enters the Sendld- 
Byte state and the byte in the IdByte field of the command is transmitted on the LSS. The WaitForldAck 
state is then entered. If the byte is acknowledged, the state machine proceeds to the CheckRdWrEnable 
state. If the byte is not-acknowledged, the state machine proceeds to the Generatelnterrupt state and issues 
an interrupt to indicate a not-acknowledge was received after transmission of the primary id byte. 

In the CheckRdWrEnable state, if the RdWrEnable bit of the command is 0 the state machine proceeds 
directly to the CheckStop state. If the RdWrEnable bit is 1, count is loaded with the value of the TxRxByte- 
Count field of the command and the state machine enters either the ReceiveByte state if the RdWrSense bit 
of the command is 1 or the TransmitByte state if the RdWrSense bit is 0. 

For a write transaction, the state machine keeps transmitting bytes from the data buffer, decrementing 
count after each byte transmitted, until count is 1. If all the bytes are successfully transmitted the state 
machine proceeds to the CheckStop state. If the slave QA chip not-acknowl edges a transmitted byte, the 
state machine indicates this error by issuing an interrupt to the CPU and then entering the Generatelnter- 
rupt state. 

For a read transaction, the state machine keeps receiving bytes into the data buffer, decrementing count 
after each byte transmitted, until count is 1. After each byte received the LSS master must issue an 
acknowledge. After the last expected byte (i.e. when count is 1) the state machine checks the ReadNack bit 
of the command to see whether it must issue an acknowledge or not-acknowledge for that byte. The 
CheckStop state is then entered. 

In the CheckStop state, if the Stop bit of the command is 0 the state machine proceeds directly to the Gen- 
eratelnterrupt state. If the Stop bit is 1 it proceeds to the GenerateStop state and issues a STOP condition 
on the LSS bus before proceeding to the Generatelnterrupt state. In both cases an interrupt is issued to 
indicate successful completion of the command. 

The state machine then enters the Idle state to await the next command. 

The CPU may abort the current transfer at any time by performing a write to the Reset register of the LSS 
block. 
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19.3.3. 1 START and STOP generation 

START and STOP conditions, which signal the beginning and end of data transmission, occur when the 
LSS master generates a falling and rising edge respectively on the data while the clock is high. 

In the GenerateStort state, lss_gpio_clk is held high with lss_gpiojs remaining deasserted (so the data line 
is pulled high externally) for LssClockHighPeriod pclk cycles. Then Iss^gpioje is asserted and 
lss_gpio_do is pulled low (to drive a 0 on the data line, creating a falling edge) with Iss _gpiojclk remain- 
ing high for another LssClockHighPeriod pclk cycles. 

In the GenerateStop state, both lss_gpio_clk and lss_gpiojdo are pulled low followed by the assertion of 
lss_gpio_e to drive a 0 while the clock is low. After LssClockLowPeriod pclk cycles, Iss _gpio_clk is set 
high. After a further LssClockHighPeriod pclk cycles, Iss^gpio^e is deasserted to release the data bus and 
create a rising edge on the data bus during the high period of the clock. 

19.3.3.2 Clock pulse generation 

The LSS master holds lss_gpio_clk high while the LSS bus is inactive. A clock pulse is generated for each 
bit transmitted or received over the LSS bus. It is generated by first holding lss^gpto_clk low for LssClock- 
LowPeriod pclk cycles, and then high for LssClockHighPeriod pclk cycles. 

19.3.3.3 Data reception 

The input data, gpioJssjdi y is first synchronised to the pclk domain by means of two flip-flops clocked by 
pclk. The LSS master generates a clock pulse for each bit received. The output lss_gpio_e is deasserted on 
the falling edge of lss_gpio_clk to release the data bus. The value on the synchronised gpioJss_di is sam- 
pled on the rising edge of !ss_gpio_clk (the data should be averaged over a further 3 stage register to avoid 
possible glitch detection). The data is only considered as a valid bit at the next falling edge of lss_gpiojclk 
provided a START or STOP is not generated in the meantime. 

In the ReceiveByte state, the state machine generates 8 clock pulses. On each rising edge of Iss _gpio_clk 
the synchronised gpioJss_jdi is sampled. The first bit sampled is LssNBuffer[0]f7J f the second LssNBuf- 
fer[0][6] % etc to LssNBuffer[0][0]. For each byte received the state machine either sends an NAK or an 
ACIC depending on the command configuration and the number of bytes received. 

In the SendNack state the state machine generates a single clock pulse. lss_gpio__e is deasserted and the 
LSS data line is pulled high externally to issue a not-ac knowledge. 

In the SendAck state the state machine generates a single clock pulse. lss_gpio_e is asserted and a 0 driven 
on lss_gpio_do after lss_gpio_clk falling edge to issue an acknowledge. 

19.3.3.4 Data transmission 

The LSS master generates a clock pulse for each bit transmitted Data is output on the LSS bus on the fall- 
ing edge of lss_gpio_clk. 

When the LSS master drives a logical zero on the bus it will assert lss_gpio_e and drive a 0 on Iss _gpio_do 
after lss_gpio_clk felling edge. lss_gpio_p will remain asserted and Iss _gpiojdo will remain low until the 
next lss_clk falling edge. 

When the LSS master drives a logical one lss_gpio_e should be deasserted at lss_gpio_clk falling edge and 
remain deasserted at least until the next Iss^gpio^clk falling edge. This is because the LSS bus will be 
externally pulled up to logical one via a pull-up resistor. 

In the Sendld byte state, the state machine generates 8 clock pulses to transmit the byte in the IdByte field 
of the current valid command. On each falling edge of Iss^gpiojclk a bit is driven on the data bus as out- 
lined above. On the first falling edge IdByte[7J is driven on the data bus, on the second falling edge 
IdByte [6] is driven out, etc. 
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In the TransmitByte state, the state machine generates 8 clock pulses to transmit the byte at the output of 
the transmit FIFO. On each falling edge of lss_gpio_clk a bit is driven on the data bus as outlined above. 
On the first falling edge LssNBuffer[0][7] is driven on the data bus, on the second falling edge LssNBuf- 
fer[0][6] is driven out, etc on to LssNBufferfO] [7] bits. 

In the WaitForAck state, the state machine generates a single clock pulse. On the rising edge of 
lss_gpio_clk the synchronized gpio_lss_di is sampled. A 1 indicates an acknowledge and ackjietect is 
pulsed, a 0 indicates a not-acknow ledge and nack_detect is pulsed. ~ 

19.3.3.5 Data rate control 

The CPU can control the data rate by setting the clock period of the LSS bus clock by programming appro- 
priate values in LssClockHighPeriod and LssClockLowPeriod. The default setting for both registers is 200 
(pclk cycles) which corresponds to transmission rate of 400kHz on the LSS bus. 
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State machine outputs, Issjcujrq and 
LssStatusSet are zero unless otherwise 
indicated. 



Iss new cmri = T a^z 



Start* 



Reset QRorst n«iO 
Idle J4r- 



tss new cmri — 1 ^fln 



(GenerateStart) 



Check 
^WByteEnaWe 



nach delect— 1 
tss_status_$oi{i]« 1 
Issjcyjrq = 1 



RdWfgnaWft ^ 1 ANn 

RdWrSense s Q 
count oTxRxByteCourvt ^ 

/rransmltByt^ * ^ 





Figure 65. LSS master state machine 
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DRAM Subsystem 
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20 DRAM Interface Unit (DIU) 



20-1 



Overview 



Figure 66 shows how the DIU provides the interface between the on-chip 20 Mbit embedded DRAM and 
the rest of SoPEC. In addition to outlining the functionality of the DIU, this chapter provides a top-level 
overview of the memory storage and access patterns of SoPEC and the buffering required in the various 
SoPEC blocks to support those access requirements. 

The main functionality of the DIU is to arbitrate between requests for access to the embedded DRAM and 
provide read or write accesses to the requesters. The DIU must also implement the initialisation sequence 
and refresh logic for the embedded DRAM. 

The arbitration mechanism is a hierarchical timeslot mechanism providing guaranteed bandwidth and 
latency to each DIU requester, with unused slots re-allocated to provide best effort accesses. The arbitra- 
tion scheme is fully programmable. 

The interface between the DIU and the SoPEC requesters is similar to the interface on PEC1 i.e. separate 
control, read data and write data busses. 

The embedded DRAM is used principally to store: 

• CPU program code and data. 

• PEP (re)programming commands. 

• Compressed pages containing contone, bi-level and raw tag data and header information. 

• Decompressed contone and bi-level data. 

• Dotline store during a print. 

• Print setup information such as tag format structures, dither matrices and dead nozzle information. 
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CPU sub-system 
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20.2 IBM Cu-11 Embedded DRAM 

20.2.1 Single bank 

SoPEC will use the 1.5 V core voltage option in IBM's 0.13 Jim class Cu-1 1 process. 

. The random read/write cycle time and the refresh cycle time is 3 cycles at 160 MHz [16]. An open page 
access will complete in 1 cycle if the page mode select signal is clocked at 320 MHz or 2 cycles if the page 
mode select signal is clocked every 160 MHz cycle. The page mode select signal will be clocked at 320 
MHz in SoPEC. The DRAM word size is 256 bits. 

Most SoPEC requesters will make single 256 bit DRAM accesses (see Section 20.4). These accesses will 
take 3 cycles as they are random accesses i.e. they will most likely be to a different memory row than the 
previous access. 

The entire 20 Mbit DRAM will be implemented as a single memory bank. In Cu-1 1 , the maximum single 
instance size is 16 Mbit. The first 1 Mbit tile of each instance contains an area overhead so the cheapest 
solution in terms of area is to have only 2 instances. 16 Mbit and 4Mbit instances would together consume 
an area of 14.63 mm 2 as would 2 times 10 Mbit instances. 4 times 5 Mbit instances would require 17.2 
mm 2 . 

The instance size will determine the frequency of refresh. Each refresh requires 3 clock cycles. In Cu-1 1 
each row consists of 8 columns of 256-bit words. This means that 16 Mbit requires 8 1 92 rows. A complete 
DRAM refresh is required every 3.2 ms. This would mean a row would have to be refreshed every 62 
cycles. Two times 10 Mbit instances would require a refresh every 100 clock cycles, if the instances are 
refreshed in parallel. Having 4 times 5 Mbit instances means a refresh is required only every 200 cycles. 

The SoPEC DRAM will be constructed as two 10 Mbit instances implemented as a single memory bank. 
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20.3 SoPEC Memory Usage Requirements 

The memory usage requirements for the embedded DRAM are shown in Table 64. 



Table 64. Memory Usage Requirements 



wmmm^ 






Compressed page store 


2048 Kbytes 


Compressed data page store for BMevel 
and contone data 


Decompressed Contone 
Store 


108 Kbyte 


1 3824 lines with scale factor 6 = 2304 pixels, 
store i <. lines, 4 colors = 108 KB 
1 3824 lines with scale factor 5 = 2765 pixels, 
store 12 lines, 4 colors = 130 kB 


Spot line store 


5.1 Kbyte 


1 3824 dots/line so 3 lines Is 5.1 kB 


Tag Format Structure 


55 Kbyte (384 dot tine tags @ 
1600 dpi) 

12 Kbyte (2.5 mm tags © 800 
dpi) 


55 kB In for 384 dot line teas 

2.5 mm tags (1/1 0th inch) @ 1600 dpi require 

160 dot lines = 160/384 x55 or 23 kB 

2.5 mm tags © 800 dpi require 807384 x55 = 

12kB 


Dither Matrix store 


4 Kbytes 


64x64 dither matrix is 4 kB 
128x128 dither matrix Is 16 kB 
256x256 dither matrix is 64 kB 


DNC Dead Nozzle Tabfe 


1 .4 Kbytes 


Delta encoded, (10 bit delta position + 6 dead 
nozzle mask) x% Dnozzle 
5% dead nozzles requires (1046)x 692 Dnoz- 
zies = 1.4 Kbytes 


Dot-tine store 


319 Kbytes 


Assume each color row is separated by 5 dot 
lines on the print head 
The dot line store will be 0+5+10... 50+55 e 
330 half dot lines + 48 extra half dot lines (4 
per dot row) = 378 half dot lines « 31 9Kbytes 


PCU Program code 


8 Kbytes 


1 024 commands of 64 bits = 8 kB 


CPU 


64 Kbytes 


Program code and data 


TOTAL 


2570 Kbytes (1 2 Kbyte TFS 
storage) 

2613 Kbytes (55 Kbyte TFS) 





Note: 

• Total storage of 2570 Kbytes will be reduced to 2560 Kbytes to align to 20 Mbit DRAM. 
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20.4 SoPEC Memory Access Patterns 

Table 65 shows a summary of the blocks on SoPEC requiring access to the embedded DRAM and their 
individual memory access patterns. Most blocks will access the DRAM in single 256-bit accesses. All 
accesses must be padded to 256-bits except for 64-bit CDU write accesses and CPU write accesses. Bits 
which should not be written are masked using the individual DRAM bit write inputs or byte write inputs, 
depending on the foundry. Using single 256-bit accesses means that the buffering required in the SoPEC 
DRAM requesters will be minimized. 

Table 65. Memory access patterns of SoPEC DRAM Requesters 



mmmwmmm 




CPU 


R 


Single 256-bit reads. 


W 


Single 32-bit, 16-bh or 8-bit writes. 


SCB 


W 


Single 256-bit writes. 


CDU 


R 


Single 256-bit reads of the compressed contone data. 


W 


Each CDU access is a write to 4 consecutive DRAM words In the same row 
but only 64 bits of each word are written with the remaining bits write 
masked. 

The access time for this 4 word page mode burst Is 3 + 1 + 1 +1 = 6 cycles 
if the page mode select signal is clocked at 320 MHz. 




B 

n 


oingie <£oo on reads. 


LBD 


R 


Single 256 bit reads. 


SFU 


R 


Separate single 256 bit reads for previous and current line but sharing the 
same DIU interlace 


W 


Single 256 bit writes. 


TE(TD) 


R 


Single 256 bit reads. Each read returns 2 times 128 bit tags. 


TE(TFS) 


R 


Single 256 bit reads. TPS is 1 36 bytes. This means there Is unused data in 
the fifth 256 bit read. A total of 5 reads is required. 


HCU 


R 


Single 256 bit reads. 128 x 128 dither matrix requires 4 reads per line with 
double buffering. 256 x 256 dither matrix requires 8 reads at the end of the 
line with single buffering. 

Dither matrices have start address, end address and line advance Incre- 
ment. 


ONC 


R 


Single 256 bit dead nozzle table reads. Each dead nozzle table read con- 
tains 16 dead-nozzle tables entries each of 10 delta bits plus 6 dead nozzle 
mask bits. 


DWU 


W 


Single 256 bit writes since enable/disable DRAM access per color plane. 


LLU 


R 


Single 256 bit reads since enable/disable DRAM access per color plane. 


PCU " 


R 


Single 256 bit reads. Each PCU command is 64 bits SO each 256 bit word 
can contain 4 PCU commands. 

PCU reads from DRAM used for reprogramming PEP should be executed 
with minimum latency. 

If this occurs between pages then there will be free bandwidth as most of 
the other SoPEC Units will not be requesting from DRAM. If this occurs 
between bands then the LDB, CDU and TE bandwidth will be free. So the 
PCU should have a high priority to access to any spare bandwidth. 


Refresh 




Single refresh. 
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20.5 Buffering Required in SoPEC DRAM Requesters 

If each DIU access is a single 256-bit access then we need to provide a 256-bit double buffer in the DRAM 
requester. If the DRAM requester has a 64-bit interface then this can be implemented as an 8 x 64-bit 
FIFO. 



Table 66. Buffer sizes In SoPEC DRAM requesters 



DRAM 
Requester 


niraAlinn 

uireciion 


Access patterns 


Buffering required In 
block 


CPU 


R 


Single 256-blt reads. 


Cache. 


W 


Single 32-bit writes but allowing 16-bit or byte 
addressable writes. 


None. 


SCB 


W 


Single 256-bit writes. 


Double 
256-bit buffer. 


CDU 


R 


Single 256-bit reads of the compressed contone 
data. 


Double 256-bit buffer. 


W 


Each CDU access is a write to 4 consecutive DRAM 
words in the same row but only 64 bits of each word 
are written with the remaining bits write masked. 


Double half JPEG block 
buffer. 


CFU 


R 


Single 256 bit reads. 


Double 256-bit buffer. 


LBD 


R 


Single 256 bit reads. 


Double 256-bit buffer. 


SFU 


R 


Separate single 256 bit reads for previous and cur* 
rent line but sharing the same DIU interface 


Double 256-bit buffer for 
each read channel. 


W 


Single 256 bit writes. 


Double 256-bit buffer. 


TE{TD) 


R 


Single 256 bit reads. 


Double 256-bit buffer. 


TE(TFS) 


R 


Single 256 bit reads. TFS is 136 bytes. This means 
there is unused data in the fifth 256 bit read. A total 
of 5 reads Is required. 


Double line-buffer for 1 36 
bytes implemented In TE. 


HCU 


R 


Single 256 bit reads. 128 x 128 dither matrix 
requires 4 reads per line with double buffering. 256 x 
256 dither matrix requires 8 reads at the end of the 
fine with single buffering. 


Configurable between dou- 
ble 128 byte buffer and 
single 256 byte buffer. 


DNC 


R 


Single 256 bit reads 


Double 256-bit buffer. 
Deeper buffering could be 
specified to cope with tocaJ 
clusters of dead nozzles. 


DWU 


W 


Single 256 bit writes per enabled odd/even color 
plane. 


Double 256-blt buffer per 
color plane. 


. LLU 


R 


Single 256 bit reads per enabled odd/even color 
plane. 


Double 256-bit buffer per 
odor plane. 


PCU 


R 


Single 256 bit reads. Each PCU command is 64 bits 
so each 256 bit DRAM read can contain 4 PCU com- 
mands. Requested command is read from DRAM 
together with the next 3 contiguous 64-blta which are 
cached to avoid unnecessary DRAM reads. 


Single 256-bit buffer. 


Refresh 




Single refresh. 


None. 
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20.6 SoPEC DIU Bandwidth Requirements 

Table 67: SoPEC DIU Bandwidth Requirements 




CPU 



mm 



w 




SCB 



W 



780 2 



0.328 



0.328 



0.5 



CDU 



W 



128(SF = 4), 288 (SF = 
6), 1:1 compression 3 



For individual accesses: 
16 cycles (SF = 4), 36 
cyctes (SFc6),n 2 cydes 
(SF=n). 

Will be implemented as a 
page mode burst of 4 
accesses every 64 cycles 
(SF = 4),144 (SF =6). 
4*n 2 <SF =n) cycles 5 



32/n 2 <SF=n), 
0.9 (SF = 6), 
2(SF = 4) 
(1:1 compression) 



32/10*n 2 (SF=n), 
0.09 (SF = 6), 
0.2 (SF s 4) 
(10:1 compression) 4 



1 (SF=6) 

2 <SF=4) 



64/n 2 (SF=n), 
1.8 (SF = 6), 
4 (SF = 4) 



32m 2 (SF=n), 
0.9 (SF = 6), 
2 (SF = 4) 6 



2 (SF=6) 
4 (SF=4) 



CFU 



32 (SF = 4), 48 (SF = 6) 7 



32/n (SF*n), 
5.4 (SF o 6), 
8 (SF = 4) 



32/n (SF=n) t 
5.4 (SF «s 6). 
6 (SF B 4) 



5.5 (SF=6) 
8(SFo4) 



LED 



256 (1:1 compression) 0 



1 (1:1 compression) 



0.1 (10:1 compression) 9 



SFU 



W 



128 10 



256 1 



TE(TD) 



252 



12 



1.02 



1.02 



1.25 



TEfTFS) 



5 reads per line 



13- 



0.093 



0.093 



0.25 



HCU 



4 reads per line for 1 28 x 
126 dither matrix 1 * 



0.074 



0.074 



0.25 



DNC 



106 (5% dead-nozzles 
10-bit delta encoded) 15 



2.4 (clump of dead 
nozzles) 



0.8 (equally spaced 
dead nozzles) 



2.5 



OWU 



W 



6 writes every 256 1 



8 reads every 256 1 



PCU 



256 18 



Refresh 



100 19 



2.56 



2.56 



2.75 



TOTAL 



SF«6:34 
SF o 4: 39.5 
excluding CPU 



SF a 6: 27.5 
SFo4:3l.2 
excluding CPU 



SF = 6: 35 
excluding CPU. 
SF»4:40.5 
excluding CPU 



Notes: 

1 : The number of allocated timeslots is based on 64 timeslots each of 1 bit/cycle but broken down to a granularity of 
0.25 bit/cycle. 

2: 50 Mbit/s is 0.328 bits/cycle or 256 bits every 780 cycles. 

3: At 1:1 compression CDU must read a 4 color pixel (32 bits) every SF 2 cycles. 
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4: At 10: 1 -average compression CDU must read a 4 color pixel (32 bits) every 10* SF 2 cycles. 
5: 4 color pixel (32 bits) is required, on average, by the CFU every SF 2 (scale factor) cycles. 

The time available to write the data is a function of the size of the buffer in DRAM. 1.5 buffering means 4 color pixel 
(32 bits) must be written every SF 2 / 2 (scale factor) cycles. Therefore, at a scale factor of SF, 64 bits are required 
every SF 2 cycles. 

Since 64 valid bits arc written per 256-bit write (Figure 104 on page 282) then the DRAM is accessed every SF 2 
cycles i.e. at SF4 an access every 16 cycles, at SF6 an access every 36 cycles. 

If a page mode burst of 4 accesses is used then each access takes (3 + 1 + 1 +1) equals 6 cycles. This means at SF, a set 

of 4 back-to-back accesses must occur every 4*SF 2 cycles. This assumes the page mode select signal is clocked at 320 

MHz. CDU timeslots therefore take 6 cycles. 

For scale factors lower than 4 double buffering will be used. 

6: The average bandwidth 1/2 the peak bandwidth in the case of 1 .5 buffering. 

7: 4 color pixel (32 bits) read by CFU every SF cycles. At SF4, 32 bits is required every 4 cycles or 256 bits every 32 

cycles. At SF6, 32bits every 6 cycles or 256 bits every 48 cycles. 

8: At 1 :1 compression require 1 bit/cycle or 256 bits every 256 cycles. 

9: The average bandwidth required at 10:1 compression is 0.1 bits/cycle. 

10: Two separate reads of 1 bit/cycle. 

1 1 : Write at 1 bit/cycle. 

12: Each tag can be consumed in at most 126 dot cycles and requires 128 bits. This is a maximum rate of 256 bits 
every 252 cycles. 

13: 17 x 64 bit reads per line in PEC1 is 5 x 256 bit reads per line in SoPEC. Double-line buffered storage. 
14: 128 bytes read per line is 4 x 256 bit reads per line. Double-line buffered storage. 

15: 5% dead nozzles 10-bit delta encoded stored with 6-bit dead nozzle mask requires 0.8 bits/cycle read access or a 
256-bit access every 320 cycles. This assumes the dead nozzles arc evenly spaced out. In practice dead nozzles are 
likely to be clumped. Peak bandwidth is estimated as 3 times average bandwidth. 
16: 6 bits/cycle requires 6 x 256 bit writes every 256 cycles. 

17: 6 bits/160 MHz SoPEC cycle average but will peak at 2 x 6 bits per 106 MHz print head cycle or 8 bits/ SoPEC 
cycle. The PHI can equalise the DRAM access rate over the line so that the peak rate equals the average rate of 8 bits/ 
cycle. 

18: Assume one 256 read per 256 cycles is sufficient i.e. maximum latency of 256 cycles per access is allowable. 
19: As an example assume refresh must occur every 3.2 ms. Refresh occurs row at a time over 5120 rows of 2 parallel 
10 Mbit instances. Each refresh takes 3 cycles. This is equivalent to a timeslot every 100 cycles. 
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20.7 DIU BUS TOPOLOGY 
20.7.1 Basic topology 



Table 68. SoPEC DIU Requesters 







CPU 


CPU 


Refresh 


CDU 


SCB 




CFU 


CDU 




LBD 


SFU 




SFU 


DWU 




TE(TD) 






TE(TFS) 






HCU 






DNC 






LLU 






PCU 







Table 68 shows the DIU requesters in SoPEC. There are 1 1 read requesters and 5 write requesters in 
SoPEC as compared with 8 read requesters and 4 write requesters in PEC1. Refresh is an additional 
requester. 

In PEC1, the interface between the DIU and the DIU requesters had the following main features: 

• separate control and address signals per DIU requester multiplexed in the DIU according to the arbitra- 
tion scheme, 

• separate 64-bit write data bus for each DRAM write requester multiplexed in the DIU, 

• common 64-bit read bus from the DIU with separate enables to each DIU read requester. 

Timing closure for this bussing scheme was straight-forward in PEC1 . This suggests that a similar scheme 
will also achieve timing closure in SoPEC. SoPEC has 5 more DRAM requesters but it will be in a 0.13 
um process with more metal layers and SoPEC will run at approximately the same speed as PEC1 . 

Using 256-bit busses would match the data width of the embedded DRAM but such large busses may 
result in an increase in size of the DIU and the entire SoPEC chip. The SoPEC requestors would require 
double 256-bit wide buffers to match the 256-bit busses. These buffers, which must be implemented in 
flip-flops, are less area efficient than 8-deep 64-bit wide register arrays which can be used with 64-bit bus- 
ses. SoPEC will therefore use 64-bit data busses. Use of 256-bit busses would however simplify the DIU 
implementation as local buffering of 256-bit DRAM data would not be required within the DIU. 

20.7.1.1 CPU DRAM access 

The CPU is the only DIU requestor for which access latency is critical. All DIU write requesters transfer 
write data to the DIU using separate point-to-point busses. The CPU will use the cpu_dataout[3 1 :0] bus. 
CPU reads will not be over the shared 64-bit read bus. Instead, CPU reads will use a separate 256-bit read 
bus, 

20.7.2 Making more efficient use of DRAM bandwidth 

The embedded DRAM is 256-bits wide. The 4 cycles it takes to transfer the 256-bits over the 64-bit data 
busses of SoPEC means that effectively each access will be at least 4 cycles long. It takes only 3 cycles to 
actually do a 256-bit random DRAM access in the case of IBM DRAM. 
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20. 7.2. 1 Common read bus 

If wc have a common read data bus, as in PEC1 , then if we are doing back to back read accesses the next 
DRAM read cannot start until the read data bus is free. So each DRAM read access can occur only every 4 
cycles. This is shown in Figure 67 with the actual DRAM access taking 3 cycles leaving 1 unused cycle 
per access. 



pclk 

diu_data[63:0] 
rreq(n+l) 
rreq(n+2) 
rreq(n+3) ' 



1 I 



access n 



t 



unused 
cycle 
— ► 



1 access n+1 | access n+2 | j 



unused 

cycle 
— ► 



access 



unused 
cycle 



rack(n+l) | | 

rack(n+2) 
rack(n+3) 



J L 



Figure 67. Shared read bus with 3 cycle random DRAM read accesses 



20.7.2.2 Interleaving CPU and non-CPU read accesses 

The CPU has a separate 256-bit read bus. All other read accesses are 256-bit accesses are over a shared 64- 
bit read bus. Interleaving CPU and non-CPU read accesses means the effective duration of an interleaved 
access timeslot is the DRAM access time (3 cycles) rather than 4 cycles. Interleaving is achieved by order- 
ing the DIU arbitration slot allocation appropriately. 

Figure 68 shows interleaved CPU and non-CPU read accesses. 
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Figure 68. Interleaving CPU and non-CPU read accesses 



20.7.2.3 Interleaving read and write accesses 

Having separate write data busses means write accesses can be interleaved with each other and with read 
accesses. So now the effective duration of an interleaved access timeslot is the DRAM access time (3 
cycles) rather than 4 cycles. Interleaving is achieved by ordering the DIU arbitration slot allocation appro- 
priately. 

Figure 69 shows interleaved read and write accesses. Figure 70 shows interleaved write accesses. 



pclk 



|OJ~LJT4n_JTJl_fX^ 



I Read access I Write 

: 



256-bit buffered write data\ 
for SoI^EC Unit n \ 



I- 



diu_data[63 




256-bit buffered write data , 
for SpPEC Unit m I 



Figure 69. Interleaving read and write accesses with 3 cycle random ORAM accesses 



Write data still takes 4 cycles to transmit over 64-bit busses so 256-bit buffers are required in the DIU to 
gather the write data from the requesters. 
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Figure 70. Interleaving write accesses with 3 cycle random DRAM accesses 



20.7.3 Bosnnldths y 



Table 69. SoPEC DIU Requesters Data Bus Width 







CPU 


256 (separata) 


CPU 


32 (OPEN ISSUE) 


CDU 


84 (shared) 


SCB 


64 


CFU 


64 (shared) 


CDU 


64 


LBD 


64 (shared) 


SFU 


64 


SFU 


64 (shared) 


DWU 


64 


TE(TD) 


64 (shared) 






TE(TFS) 


64 (shared) 






HCU 


64 (shared) 






DNC 


64 (shared) 






LLU 


64 (shared) 






PCU 


64 (shared) 







20.7.4 Conclusions 

Reads and writes can be interleaved with a separate 256-bit read bus for the CPU for minimum latency 
DIU access. Interleaving can be performed by inserting write accesses or CPU accesses between shared 
read bus accesses. The interleaving is achieved by ordering the DIU arbitration slot allocation appropri- 
ately. 
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20.8 SOPEC DRAM ADDRESSING SCHEME 

The embedded DRAM is composed of 256-bit words. However the CPU-subsystem may need to write 
individual bytes of DRAM. Therefore it was decided to make the DIU byte addressable. 22 bits are 
required to byte address 20 Mbit of DRAM. 

Most blocks read or write 256 bit words of DRAM. Therefore only the top 17 bits i.e. bits 21 to 5 are 
required to address 256-bit word aligned locations. 

The exceptions are 

• CDU which can write 64-bits so only the top 1 9 address bits i.e. bits 2 1 -3 are required. 

• CPU writes can be 8, 16 or 32-bits. The cpu_diu_wmask[l :0] pins indicate whether to write 8, 16 or 32 
bits. 

All DIU accesses must be within the same 256-bit aligned DRAM word. 
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20.9 DIU Protocols 

The DIU protocols are 

• pipelined i.e the following transaction is initiated while the previous transfer is in progress. 

• split transaction i.e. the transaction is split into independent address and data transfers. 

20.9.1 Read Protocol except CPU 

The SoPEC read requestors, except for the CPU, perform single 256-bit read accesses with the read data 
being transferred from the DIU in 4 consecutive cycles over a shared 64-bit read bus, diu_data[63;0]. The 
read address <unit>_diu_radr[21:5] is 256-bit aligned. 

The read protocol is: 

• <unit>_diu_rreq is asserted along with a valid <unit>jdiu_radr[21:5]. 

• The DIU acknowledges the request with diu__<unit>_rack The request should be deasserted. The min- 
imum number of cycles between <unit>_jdiu_rreq being asserted and the DIU generating an 
diu_<unit>_rack strobe is 2 cycles (1 cycle to register the request, 1 cycle to perform the arbitration - 
see Section 20.13.6). 

• The read data is returned on diu_data[63:0] and its validity is indicated by diu_<unit> _svalid. 

• When four diu_<unit>_rvalid pulses have been received then if there is a further request 
<unit>Jiiujreq should be asserted again. diu_<unit>_rvalid will be always be asserted by the DIU 
for four consecrative cycles. The first diu^<unit>_rvalid pulse will occur 3 cycles after. 
diu_<unit>_rack (1 cycle to transfer the address to the DRAM, 2 cycles for the read data to be 
returned from the DRAM). 



pclk 

<unit>_diu_rreq 
diu_<unit>_rack 
iit>_diu_radr[21:5] 
diu_<unit>_rval i d 



diu_data[63:0] j 
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Figure 71. Read protocol for a SoPEC Unit making a single 256-bit access 



20.9.2 Read Protocol for CPU 

The CPU performs single 256-bit read accesses with the read data being transferred from the DIU over a 
dedicated 256-bit read bus for DRAM data, dtam_cpu_data[255:0J. The read address cpujadr[21:5] is 
256-bit aligned. 

The CPU DIU read protocol is: 

• cpu_diu_rreq is asserted along with a valid cpu_adr[21:5]. 
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• The DIU acknowledges the request with diujcpu_rack The request should be deasserted. The mini- 
mum number of cycles between cpujiiujrreq being asserted and the DIU generating a cpu_diu_rack 
strobe is 2 cycles (1 cycle to register the request, 1 cycle to perform the arbitration - see Section 
20.13.6). 

• The read data is returned on dram_cpujdata[255:0] and its validity is indicated by diu_jcpu_rvalid. 

• When the diu_cpu_rvalid pulse has been received then if there is a further request cpujdiujrreq should 
be asserted again. The diu_cpu_rvalid pulse will occur 3 cycles after rack (1 cycle to transfer the 
address to the DRAM, 2 cycles for the read data to be returned from the DRAM). 



pclk 

cpu_diu_rireq 
diu_cpu_rack 




cpu_adr[2t:5] [ | J~ 



diu_cpu_rvalid 



dram_cpu_data[255:0] 



Figure 72. Read protocol for a CPU making a single 256-bit access 



20.9.3 Write Protocol except CPU and CDU 

The SoPEC write requestors, except for the CPU and CDU. perform single 256-bit write accesses with the 
write data being transferred to the DIU in 4 consecrative cycles, over dedicated point-to-point 64-bit write 
data busses. The write address <unit>jiiu_wadr[21:5] is 256-bit aligned. 

The write protocol is: 

• <unit>_diu_wreq is asserted along with a valid <unit>_diu m wadrf2I:5J. 

• The DIU acknowledges the request with diu_<unit>_wack The request should be deasserted. The 
minimum number of cycles between <unit>_diu_wreq being asserted and the DIU generating an 
diu_<unit>_wack strobe is 2 cycles (1 cycle to register the request, 1 cycle to perform the arbitration - 
see Section 20.13.6). 

• In the clock cycles following wack the SoPEC Unit outputs the <unit>_diujiatd[63:0] % asserting 
<unit>_diu_wvalid. Write data should be output as soon as possible after receiving the wack Access- 
ing registers, register arrays or SRAMs may incur different delays. The first <unit>_diu_wvalid pulse 
can occur in the clock cycle after diu_<unit>jwack In the case of register array or SRAM access, the 
first <unit>_diujwvalid pulse will occur 2 clock cycles after diu_<unit>jwack. 

• Once all the write data has been output then if there is a further request <unit>_diu_wreq should be 
asserted again. 

A timeout mechanism will be implemented to ensure that the DIU will not lock-up if four 
<unit>_diu_wvalid pulses are not provided. 
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Figure 73. Write Protocol shown for a SoPEC Unit making a single 256-bit access 



20,9.4 CPU Write Protocol 



The CPU performs single write which can be 8, 16 or 32-bits with the write data being transferred to the 
DIU over the cpu_jdataout[3I:0J bus. The write address cpu_adr[21:0] is byte aligned. 
The CPU write protocol is: 

• cpu r diu_wreq is asserted along with a valid cpu_adr[21:0] and a write mask cpu_diu_wmask[l:Q] to 
indicate whether an 8, 16 or 32-bit access is required. 

• The DIU acknowledges the request with diujzpujvack. The request should be deasserted. The mini- 
mum number of cycles between cpu_diu_wreq being asserted and the DIU generating an 
diu_cp Um wack strobe is 2 cycles (1 cycle to register the request, I cycle to perform the arbitration - see 
Section 20.13.6). 

• In the clock cycle following diujcpu^vack the CPU outputs the cpujdataout[31:0] 9 asserting 
cpu_diu_wvalid. Write data should be output as soon as possible after receiving the diu_cpu_wack. 
The earliest the cpu_diu__wvalid pulse can occur is in the first clock cycle after diu^cpu^wack. 

• Once the write data has been output then if there is a further request cpujiiujvreq should be asserted 
again. 
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cpu_diu_wreq 
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cpu_diu_wmask[l :0] 
diu_cpu_wack 
cpu_dataout[31:0] 
cpu_diu__wvaJid 
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Figure 74. Write Protocol shown for a CPU making an 8, 16 or 32-bit access 



20.9.5 CDU Write Protocol 



The CPU performs four 64-bit writes to 4 contiguous 256-bit DRAM addresses with the first address spec- 
ified by cdu_diu_wadr[21:3]. The write address cdu_diu_wadrf21:3J is 64-bit aligned 
The write protocol is: 

• cdu_jdiu_wdata is asserted along with a valid cdu_diu__wadr[2J;3J. 

• The DIU acknowledges the request with diu_cdu_wack The request should be deasserted. The mini- 
mum number of cycles between cdu_diu_wreq being asserted and the DIU generating an 
diu_cdu_wack strobe is 2 cycles (1 cycle to register the request, 1 cycle to perform the arbitration - see 
Section 20.13.6). 

• In the clock cycles following wack the CDU outputs the cdujdiu_data[63:0], together with asserted 
cdu^diu_wvalid. Write data should be output as soon as possible after receiving the wack. Accessing 
registers, register arrays or SRAMs may incur different delays. The first cdujdiu_wvalid pulse can 
occur in the clock cycle after diu_cdu_wack. In the case of register array or SRAM access, the first 
cdu_diu_wvalid pulse will occur 2 clock cycles after diu_cdu_wack, 

• Once all the write data has been output then if there is a further request cdujiiu_wreq should be 
asserted again. 

A timeout mechanism will be implemented to ensure that the Dru will not lock-up if four cpu diu wvalid 
pulses are not provided. 
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Figure 75. Write Protocol shown for CDU making four contiguous 64-bit accesses 
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20.10 DIU ARBITRATION MECHANISM 

The DIU will arbitrate access to the embedded DRAM. The arbitration scheme is outlined in the next sec- 
tions. 

20.10.1 Timeslot based arbitration scheme 

Table 67 summarised the bandwidth requirements of the SoPEC requestors to DRAM. If we allocate the 
DIU requestors in terms of peak bandwidth then we require 36 bits/cycle (at SF =6) and 42.5 bits/cycle (at 
SF = 4) for all the requestors except the CPU. 

A timeslot scheme is defined with 64 main timeslots. The number of used main timeslots is programmable 
between 0 and 64. 

Since DRAM read requestors, except for the CPU, are connected to the DIU via a 64-bit data bus each 
256-bit DRAM access requires 4 pclk cycles to transfer the read data over the shared read bus. The 
timeslot rotation period for 64 timeslots each of 4 pclk cycles is 256 pclk cycles or 1.6 us, assuming pclk is 
160 MHz. Each timeslot represents a 256-bit access every 256 pclk cycles or 1 bit/cycle. This is the granu- 
larity of the majority of DIU requestors bandwidth requirements in Table 67. 

The SoPEC DIU requesters can be represented using 5 bits (Table on page 229). Using 64 timeslots 
means that to allocate each timeslot to a requester a total of 64 times 5 configuration registers is required 
for the 64 main timeslots. 

Timeslot based arbitration works by having a pointer point to the current timeslot When re-arbitration. is 
signaled the arbitration pointer will advance to the next timeslot. If the SoPEC Unit assigned to the current 
timeslot is not requesting then the unused timeslot arbitration mechanism outlined in Section 20.10.4 is 
used to select the arbitration winner. 

The timeslot pointer advances when the DIU issues the next command to the DRAM. Each timeslot there-: 
fore denotes a single access. The duration of the timeslot depends on the access. 

If the SoPEC Unit pointed to by the current timeslot pointer is not requesting then the slot will be allocated 
according to the mechanism described in Section 20.10.5. 



current timeslot 
pointer 









n-l 


n 


n+1 





























Figure 76. Timeslot based arbitration 

20.10.2 Separate read and write arbitration windows 

For write accesses, except the CPU, 256-bits of write data are transferred from the SoPEC DIU write 
requestors over 64-bit write busses in 4 clock cycles. This write data transfer latency means that writes 
accesses, except for CPU writes, must be arbitrated 4 cycles in advance. The [to be included figure and 
explanation] shows why this is necessary. 
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Since write arbitration must occur 4 cycles in advance, and the minimum duration of a timeslot duration is 
3 cycles, the arbitration rules must be modified to initiate write accesses in advance.accordingly. There is 
a timeslot lookahead pointer shown in Figure 77 two timcslots in advance of the current timeslot pointer. . 



current timeslot 
pointer 



n+1 



timeslot lookahead 
pointer 



n+2 



Figure 77. Timeslot based arbitration with separate read and write pointers 

The following examples illustrate separate read and write timeslot arbitration. 
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Figure 78. Example (a), separate read and write arbitration 

In Figure 78 writes are arbitrated two timeslots in advance. Reads are arbitrated in the same cycle Writes 
can be arbitrated in the same cycle as a read. During arbitration the command address of the arbitrated 
SoPEC Unit is captured. 

Other examples are shown in Figure 79, Figure 80 and Figure 81. The actual timelsot order is always the 
same as the programmed timeslot order i.e. out of order accesses do not occur and data coherency is never 
an issue. 

Each write must always incur a latency of two timeslots. If the first write occurs in the first timeslot then 
all following timeslots will incur a latency of two timeslots. This is shown in Figure 78 and Figure 79. If 
the first write occurs in the second timeslots then all following timeslots will incur a latency of two 
timeslots. This is shown in Figure 80. 
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Figure 79. Example (b), separate read and write arbitration 
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Figure 80. Example (c), separate read and write arbitration 
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Figure 81. Example (d), separate read and write arbitration 



Table 70 shows the 4 scenarios depending on whether the current timeslot and timeslot lookahead pointers 
point to read or write accesses. 

To be checked and updated: * 

Table 70: Arbitration with separate windows for read and write accesses 





m 






read 


write 


Initiate read transfer. 


Initiate write transfer. 


readl 


read2 


Initiate readl transfer. 


writel 


write2 


Initiate wrlte2 transfer. 


write 


read 


No action. 



If the current timeslot pointer points to a read access then this will be initiated immediately. 

If the timeslot lookahead pointer points to a write access then this access is initiated immediately, or 
immediately after the read access associated with the current timeslot pointer is initiated. 

When a write access is initiated the DIU will capture the write address and will do the DRAM write two 
tiemslots in advance when the associated write data has been transfered to the DIU. 

To be checked and updated: At initialisation, both pointers point to the first timeslot The lookahead 
pointer advances to the second timeslot and the third timeslot in successive clock cycles until it is two 
timeslots ahead of the current timeslot pointer. Then both pointers advance in tandem. At each step, the 
rules in Table 70 are obeyed. This leads to the behaviour shown in the exampes of Figure 78 to Figure 81. 
CPU write accesses are excepted from the lookahead mechanism. 
Timing diagrams for these scenarios are shown in Section 20.13 Implementation. 
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If the selected SoPEC Unit is not requesting then there will be separate read and write selection for unused 
timesiots. This is described in Section 20. 10.5. 

20.10.3 Arbitration of CPU accesses 

The CPU can be allocated timesiots like any other DIU requestor. If CPU accesses are interleaved between 
the shared read bus accesses then the DIU timesiots will take 3 cycles as shown in Section 20.7.2.2. The 
timeslot rotation will be faster than 256 pclk cycles. 

What distinguishes the CPU from other SoPEC requestors, is that the CPU requires minimum latency 
DRAM access i.e. preferably the CPU should get the next available timeslot whenever it requests. 

The minimum CPU read access latency is estimated in Table 71. This is the time between the CPU making 
a request to the DIU and receiving the read data back from the DIU. This ignores any latency associated 
with the CPU's caching mechanism. 

Table 71. Estimated CPU read access latency ignoring caching 



register the CPU read 
request 




complete the arbitra- 
tion of the request 


l cycle 


transfer the read 
address to the DRAM 


1 cycle 


DRAM read latency 


2 cycles 


register the read data 


1 cycle 


TOTAL 


6 cycles 



If the CPU, as is likely, requests DRAM access again immediately after receiving data from the DIU then 
the CPU can access every second timeslot. This assumes that interleaving is employed so that timesiots 
last 3 cycles. If the CPU access latency increases to 7 cycles then the CPU will only be able to access every 
third timeslot. 

If a cache hit occurs the CPU does not require DRAM access. For its next DIU access it will have to wait 
for its next assigned DIU slot. Cache hits therefore will reduce the number of DRAM accesses but not 
speed up any of those accesses. . 

To avoid the CPU having to wait for its next timeslot it is desirable to have a mechanism for ensuring that 
the CPU always gets the next available timeslot without incurring any latency on the non-CPU timesiots. 
This can be done by denning each timeslot as consisting of a CPU access preceding a non-CPU access. 
Each timeslot will last 6 cycles i.e. a CPU access of 3 cycles and a non-CPU access of 3 cycles. This is 
exactly the interleaving behaviour outlined in Section 20.7.2.2. If the CPU does not require an access, the 
timeslot will take 3 or 4 and the timeslot rotation will go faster. A summary is given in Table 72. 

Table 72. Tlmesfot access times. 







CPU access + non-CPU access 


3+3 = 6 cycles 


Interleaved access 


non-CPU access 


4 cycles 


Access and preceding access both to shared 
read bus 
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Table 72. Timeslot access times. 





EMS 




non-CPU access 


3 cycles 


Access and preceding access not both to shared 
read bus 


CDU write access 


3+1+1+1 =6 cycles 


Page mode select signal is clocked at 320 MHz 



CDU write accesses require 6 cycles. CDU write accesses preceded by a CPU access require 9 cycles. 
CDU timeslots therefore take longer than all other DIU requestors timeslots. 

With a 256 cycle rotation there can be 42 accesses of 6 cycles. This is just enough timeslots for SF - 4 
operation, ignoring implementation pipeline latencies. 

For low scale factor applications, it is desirable to have more timeslots available in the same 256 cycle 
rotation. So two counters of 4-bits each are defined allowing the CPU to get a maximum of cpujtimeslots 
in totaljtimeslots. A timeslot counter starts at totaljtimeslots and decrements every timeslot, while another 
counter starts at cpujtimeslots and decrements every timeslot in which the CPU uses its access. When the 
CPU timeslot counter goes to zero before totaljimeslots no further CPU accesses are allowed. When the 
totaljtimeslots counter reaches zero both counters are reset to their respective initial values. 

When cpujtimeslots is set to zero then no accesses will be preceded by CPU accesses. The CPU can be 
allocated timeslots like any other DIU requestor. 

If CPU accesses are interleaved between the shared read bus accesses then the DIU timeslots will take 3 
cycles as shown in Section 20.7.2.2 Otherwise the timeslots will take 4 cycles each and the rotation will 
take 256 cycles. 

The various modes of operation are summarised in Table 73 with a nominal rotation period of 256 cycles. 
Table 73. CPU timeslot allocation modes with nominal rotation period of 256 cycles 



mMMu^umMM I 




i 






CPU Pre-access 

i.e. cpujtimeslots = totaljtimeslots 


6 cycles 


42 timeslots 


Each access is CPU + non-CPU. 

If CPU does not use a timeslot then rotation is Caster. 


Fractional CPU 
Pre-access 

i.e. cpujtimeslots < totaljtimeslots 


4 or 6 cycles 


42-64 timeslots 


Each CPU + non-CPU access requires a 6 cycle 
timeslot. 


Individual non-CPU timeslots take 4 cycles if 
current access and preceding access are both 
to shared read bus. 


Individual non-CPU timeslots take 3 cycles if 
current access and preceding access are both 
to shared read bus. 


Interleaved 

i.e. cpujtimeslots — 0 


4 cycles 


64 timeslots 


Timeslot rotation is faster by 1 cycle for each 
CPU, write access or interleaved read access 



20.10.4 Sub-timeslots 



Looking at the bandwidth requirements of the DIU requesters in Table 67, most DIU requesters require 
bandwidths of 1 bit/cycle or multiples thereof. However, some of the requestors require much lower band- 
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width. This suggests that some sub-timeslots of lower granularity than a nominal 1 bit/cycle should be 
defined. 

There will be 2 sub-timeslots of 4 and 8 slots each. The bandwidth associated with each individual sub-slot 
is nominally 0.25 and 0.125 bits/cycle respectively, assuming each slot last 4 cycles. Sub-timeslots can be 
allocated to any number of main timeslots so that any multiple of the individual sub-timeslot bandwidth 
can be obtained. 

Table 74. Sub-timeslot definition 

ESS 




Each sub-slot pointer gets advanced each time it is accessed regardless if it slot is used or not 
Sub-timeslots are similar in all other ways to main timeslots i.e. 

• they can have preceding CPU accesses in a similar manner. 

• unused slots are decided by the same unused timeslot allocation mechanism (Section 20. 1 0.5). 

• a timeslot lookahead pointer is used to select writes (except for CPU writes) early to compensate for 
write data transfer latency. 
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Figure 82. Example sub-timeslot allocation 

An example sub-timeslot allocation is shown in Figure 82. 

Every time main timeslots m and n are accessed, the SoPEC unit pointed to by the pointer in sub4timeslot 
will win arbitration and the sub4timeslot pointer will advance. Similarly, every time main timeslots n+2 
and p are accessed, the SoPEC unit pointed to by the pointer in sub3timeslot will win arbitration and the 
sub3timeslot pointer will advance. 

20.10.5 Allocating unused timeslots 

Unused slots are re-allocated on a two-level round-robin basis. This is best-effort traffic. 
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Each SoPEC requestor has two associated bits, RoundRobinLevel indicates whether it is in level 1 or level 
2 round-robin, and RoundRobinEnable indicates whether it is enabled or not in the selected round-robin. 

Table 75. Round-robin selection 









RoundRobinLevel = 0 


RoundRobinEnable = 0 


Not enabled 




RoundRobinEnable « 1 


Level 1 


RoundRobinLevel = 1 


RoundRobinEnable «= 0 


Not enabled 




RoundRobinEnable « 1 


Level 2 



Separate read and write round-robin trees are needed, one for read accesses and one for write accesses, 
CDU write accesses cannot be included in the round-robin allocation for write as CDU accesses take 6 
cycles. The write accesses which the CDU write could otherwise replace require only 3 or 4 cycles. 
Robin-robin allocations do not have CPU pre-accesses. 

A pointer points to the current allocated unit in each of the round-robin levels. If the unit pointed to the 
level 1 round-robin is requesting then this unit wins the arbitration and the pointer is advanced. If the unit 
pointed to in the level I round-robin is not requesting then the next units in the level 1 round-robin are 
examined. When a requesting unit is found this unit wins the arbitration and the pointer advances to the 
next unit. If no unit is requesting then the pointer does not advance and the second level of round-robin is 
examined in the same way as first level of the round-robin. 



Table 76. Write round-robin registers bit order 







CPU(W> 


0 


SCB 


1 


SFU(W) 


2 


DWU 


3 



20.10.6 Background refresh controller 

A background refresh controller should be implemented that will issue a refresh and pause the timeslot 
rotator in case data is about to be lost. This scenario will only occur in the situation that insufficient 
timeslots were allocated for refresh. 
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20.1 1 Guidelines for programming the DIU 

Some guidelines for programming the DIU arbitration scheme are given in this section together with an 
example. 

20.11.1 Implementation pipeline latencies 

The number of allocated timeslots for each requester needs to take into account implementation pipeline 
latencies. The number of timeslots is made programmable. This means I or 2 timeslots can be removed to 
allow for implementation latency. Each timeslot will allow for 6 cycles implementation latency in CPU 
Pre-access mode and 3 cycles otherwise for each single timeslot allocation in a rotation.. If units are allo- 
cated more than I timeslot in a rotation then the gap between slots may need to be reduced additionally to 
allow for implementation latency. 

20.1 1.2 Ensuring sufficient DNC and PCU access 

PCU command reads from DRAM are exceptional events and should complete in as short a time as possi- 
ble. Similarly, we must ensure there is sufficient free bandwidth for DNC accesses e.g. when clusters of 
dead nozzles occur. In Table 67 DNC is allocated 3 times average bandwidth. PCU and DNC can also be 
allocated to the level 1 round-robin allocation for unused timeslots so that unused timeslot bandwidth is 
available to them 



20.1 1 .3 Basing timeslot allocation on peak bandwidths 

Since the embedded DRAM provides sufficient bandwidth to use 1 :1 compression rates for the CDU and 
LBD, it is possible to simplify the main timeslot and sub-timeslot allocation by basing the, allocation on 
peak bandwidths. The only variable in determining timeslot allocations then becomes the scale factor. 
If slot allocation is based on peak bandwidth requirements then DRAM access will be guaranteed to all 
SoPEC requesters. If we do not allocate slots for peak bandwidth requirements then we can also allow for 
the peaks deterministically by adding some cycles to the print line time. 

20.1 1 .4 Adjacent timeslot limitations 

All DIU requesters have state-machines which request and transfer the read or write data before requesting 
again. The time to perform this operation is greater than the time between adjacent timeslots. Therefore 
adjacent timeslots should not be assigned to a particular DIU requester because the requester will not be 
able to make use of all these slots. 

20.11.5 Line margin 

The SFU must output 1 bit/cycle to the HCU. Since HCUNumDots may not be a multiple of 256 bits the 
last 256-bit DRAM word on the line can contain extra zeros. In this case, the SFU may not be able to pro- 
vide 1 bit/cycle to the HCU. This could lead to a stall by the SFU. This stall could then propagate if the 
margins being used by the HCU are not sufficient to hide it. The maximum stall can be estimated by the 
calculation: DRAM service period - X scale factor * dots used from last DRAM read for HCU line. 
Similarly, if the line length is not a multiple of 256-bits then e.g. the LLU could read data from DRAM 
which contains padded zeros. This could lead to a stall. This stall could then propagate if the page margins 
cannot hide it. 

A single addition of 256 cycles to the line length will suffice for all DIU requesters to mask these stalls. 
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20.11.6 Example DIU programming 

A full example to be worked out. 

Program MainTimeslot and SubnTimeslot configuration registers (Table 82) for peak required bandwidths 
of SoPEC Units according to the scale factor used for the document. 

- Program unused slots to use the round-robin allocation to share unused slots between all DIU requesters. 
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20.12 CPU DRAM access performance 

This section does not yet reflect any implementation pipeline latencies. 

The CPU's share of the timeslots can be specified in terms of guaranteed bandwidth and average band- 
width allocations. 

The CPU's access rate to memory depends on 

• the CPU read access latency i.e. the time between the CPU making a request to the DIU and receiving 
the read data back from the DIU. 

• how often it can get access to DIU timeslots. 

Table 71 estimated the CPU read latency ignoring caching as 6 cycles. 

How often the CPU can get access to DIU timeslots depends on the access type. 



Table 77. CPU DRAM access performance 







-Ak^i-tkt j #/ r.A lh ±j 




CPU Pre-access 


6 cycles 


Lower bound (guaranteed 

bandwidth) is 

160 MHz / 6 = 26.27 MHz 


CPU can access every timeslot 


Fractional CPU 
Pre-access 


6 cycles 


Lower bound (guaranteed 
bandwidth) is 
(160MHz*N/P) 


CPU accesses precede a fraction N of timeslots 

where N = C/T 

C = cpu_timeslots 

T = total jtimeslots 

P =» (6*C + 4*(T-Q) / T 


Interleaved 


4 cycles 


See Section 20.12.1 


At SF « 6, 28 timeslots available for CPU. 
At SF = 4, 21 timeslots available for CPU. 



For CPU Pre-access and Fractional CPU Pre-access modes average and guranteed CPU bandwidth are 
equivalent since the CPU is limited to a certain fraction of timeslots. 

If the CPU runs out of its instruction cache then instruction fetch performance is only limited by the on- 
chip bus protocol. With a 2 cycle bus protocol (address cycle + data cycle) the performance would be 80 
MHz. 



20.12.1 CPU DRAM access performance with interleaved access mode 

Table 78 shows the guaranteed periodic CPU access with 4 cycle DRAM access and pclk » 160 MHz. 
Table 78. Guaranteed Periodic CPU access with 4 cycle timeslots and pclk =160 MHz 









Timeslots left for CPU 


28.25 


21.5 


Maximum wait for timeslot 


12 cycles 


12 cycles 


CPU rate 


13.3 MHz 


13.3 MHz 



Since timeslots are integral multiples of 4 cycles the maximum wait for a timeslot and hence minimum the 
CPU rate must reflect this. 
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Table 79 shows the average CPU access with 4 cycle DRAM access and pclk « 160 MHz. This will be a 
bursty access. 

Table 79. Average bursty CPU access with 4 cycle DRAM access and pc/*= 160 MHz 





wsmm 


Timeslots left for CPU 


34.95 




Maximum wait for timeslot 


8 cycles 


1 2 cycles 


CPU rate 


20 MHz 


13.3 MHz 



Interleaving of CPU and write accesses with shared read bus accesses will mean some of the timeslots will 
take 3 cycles rather than 4 cycles. This will mean that CPU slots will be available more frequently and 
higher CPU performance is attainable. 
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20. 1 3 Implementation 



The DRAM Interface Unit (DIU) is partitioned into 2 logical blocks to facilitate design and verification. 

a. The DRAM Access Unit (DAU) which interfaces to the SoPEC DIU requesters. 

b. The DRAM Controller Unit (DCU) which accesses the embedded DRAM. 



SoPEC 
Units 



DRAM Access Unit (DAU) 



DRAM 
Controller 
Unit 
(DCU) 



eDRAM 



Figure 83. DIU Partition 

The basic principle in design of the DIU is to ensure that the eDRAM is accessed at its maximum rate 
while keeping the circuit latency for each access as low as possible. 

The DCU is designed to interface with single bank 20 Mbit IBM Cu-1 1 embedded DRAM performing 
random accesses every 3 cycles. Page mode write accesses, associated with the CDU, are also supported 

The DAU is designed to support interleaved accesses allowing the DRAM to be accessed every 3 cycles 
where back-to-back accesses do not occur over the shared 64-bit read data bus. 
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20.13.1 Definition of DCU IO 



Table 80. DCU interface 







m 




Clocks and Resets 


pclk 


1 


In 


SoPEC Functional clock 


prst_n 


1 . 


In 


Active-low, synchronous reset In pclk domain 


Inputs from OAU 


dau_dcu_cmdavail 


1 


tn 


Signal Indicating a DAU command Is available i.e. 
dau_cmd_adr t dau_cmd_rwn and dau_cmd_rofresh are valid. 


dau_dcu_cmdadrf21 :5] 


17 


In 


Signal Indicating the address for the DRAM access. This Is a 
256-bit aligned DRAM address. 


dau_dcu_cmdrwn 


1 


In 


Signal indicating the direction for the DRAM access (1=read, 
0=write). 


dau_dcu_cmd refresh 


1 


In 


Signal Indicating that a refresh command is to be issued. If 
asserted dau_cmd_adrand dau_cmd_rwn win be ignored. 


dau_dcu_wdata 


256 


In 


256-bit write data to DCU 


dau_dcu__wmask 


256 


In 


256-bit write data mask to DCU 


dau_dcu_wvalid 


17 


In 


Signal Indicating valid write data and write mask. 


Outputs to DAU 


dcu_dau_cmdaccept 


1 


Out 


Signal indicating that the DCU has accepted a valid command 
from the DAU. 


dcu_da u_refreshcomplete 


1 


Out 


Signal indicating that the DCU has completed a refresh. 


dcu_dau_rdata 


256 


Out 


256-bit read data from DCU. 


dcu_dau_rrvafid 


1 


Out 


Signal indicating valid read data on dcu^rdata. 


Outputs to DRAM 


l I I 


Inputs from DRAM 


l I I 
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20.1 3.2 Definition of DAU IO 



Table 81. DAU Interface 



mssssm 


chhs 




Clocks and Resets 


pdk 


1 


In 


SoPEC Functional clock 


prst_n 


1 


In 


Active-low, synchronous reset In pclk domain 


CPU Interface 


cpu_adr(9:2) 


8 


In 


CPU address bus. 8 bits are required to decode the 
address space for this block 


cpu_dataout[3l:0] 


32 


in 


Shared write data bus from the CPU 


diu_cpu_data(31 :0] 


32 


Out 


Configuration, status and debug read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signat from the CPU 


cpu_acode[1:0] 


2 


In 


CPU access code signals. 

cpu_acode[0] - Program (0) / Data (1) access 

cpu_acode[i] - User (0) / Supervisor (1) access 

The DAU will only aJlow supervisor mode accesses to data 

space. 


cpu_dlu_sel 


1 


In 


Block select from the CPU. When cpu_diu_sel \s high both 
cpu_addr and cpu^dataout are valid 


diu_cpu_rdy 


1 


Out 


Ready signal to the CPU. When diu^cpu__rdy Is high it indi- 
cates the last cycle of the access. For a write cycle this means 
cpu^dataout has been registered by the block and tor a read 
cycle this means the data on dfu_cpu_data is valid. 


diu_cpu_berr 


1 


Out 


Bus error signal to the CPU indicating an invalid access. 


Dili Read Interface to SoPEC Units 


<unit>_dlu_rreq 


1 


In 


SoPEC unit requests DRAM read. A read request must be 
accompanied by a valid read address. 


<unit>_diu_radr[21:5] 


17 


In 


Read address to DIU 

17 bits wide (256-bit aligned word). 


diu_<unlt>_rack 


1 


Out 


Acknowledge from DIU that read request has been accepted 
and new read address can be placed on <unlt>_diu_radr 


dlu_data|63:0] 


64 


Out 


Data from DIU to SoPEC Units except CPU. 
First 64-bits is bits 63 rO of 2S6 bit word 
Second 64-bits is bits 127:64 of 256 bit word 
Third 64-bits is bits 191:128 of 256 bit word 
Fourth 64-bits is bits 255:192 of 255 bit word 


dram_cpu_data[255:0J 


256 


Out 


256-bit data from DRAM to CPU. 


diu_<unit>_rvalid 


1. 


Out 


Signal from DIU telling SoPEC Unit that valid read data Is on 
the diu_data bus 


DIU Write Interface to SoPEC Units 


<unit>_diu_wreq 


1 


In 


SoPEC unit requests DRAM write. A write request must be 
accompanied by a valid write address. 


<unlt>_diu_wadr|21 :5] 


17 


In 


Write address to DIU except CPU, CDU 
1 7 bits wide (256-bit aligned word) 


cpu_adr[21 :0J 


22 


In 


CPU Write address to DIU 

22 bits wide (6-bit aligned word) 

Addresses cannot crass a 256-bit word DRAM boundary. 
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Table 81. OAU Interface 



bbhp— 


mm 


m 




cpu_di u_wmask[ 1 : 0] 


2 


In 


Flag indicating format of CPU write to DRAM 
00: 8-bit write 
01: 16-blt write 
10: 32-bit write 
1 1 : reserved 

cpu_addf[2:0) are driven In accordance with the width of the 
data access Indicated by cpu_diu_wmask. Addresses cannot 
cross a 256-bit word DRAM boundary. 


cdu_dfu_wadrf21 :3) 


19 


In 


CDU Write address to OIU 1 

19 bits wide (64-bit aligned word) 

Addresses cannot cross a 256-bit word ORAM boundary 


diu_<unit>_wack 


1 


Out 


Acknowledge from DIU that write request has been accepted 
and new write address can be placed on <unit>_diu_wadr 


<unlt>_diu_data{63:0] 


64 


In 


Data from SoPEC Unit to DIU except CPU. 
First 64-bits is bits 63:0 of 256 bit word 
Second 64-bits Is bits 1 27:64 of 256 bit word 
Third 64-bits is bits 191:128 of 256 bit word 
Fourth 64-bits is bits 255: 1 92 of 256 bit word 


cpu_dataout[31:0] 


32 


In 


Data from CPU to DIU. 


<unit>_diu_wvalid 


1 


In 


Signal from SoPEC Unit indicating that data on 
<unlt>_diujdata is valid. 


Outputs to DCU 


dau_dcu_cmdavail 


1 


Out 


Signal indicating a DAU command is available i.e. 
dau_cmd_adr, dau_cmd_rwn and dau_cmd_mfmsh are valid. 


dau_dcu_cmdadrf 2 1 :5J 


17 j 


Out 


Signal Indicating the address for the DRAM access. This Is a 
256-bit aligned DRAM address. 


dau_dcu_cmd rwn 


1 


Out 


Signal indicating the direction for the ORAM access (thread 
Osrwrite). 


dau_dcu_cmdrefresh 


1 


Out 


Signal indicating that a refresh command is to be issued. If 
asserted dau cmd adr and daujcmd rwn win be Ignored. 


dau_dcu_wdala 


256 


Out 


256-bit write data to DCU 


dau_dcij__wmask 


256 


Out 


256-bit write data mask to DCU. 


dau_dcu_wvalld 


17 


Out 


Signal indicating valid write data and write mask. ^ 


Inputs from DCU __ 


dcu_dau_cmdaccept 


1 


In 


Signal indicating that the DCU has accepted a valid command 
from the DAU. 


dcu_dau_refreshccmplete 


1 


In 


Signal indicating that the DCU has completed a refresh j 


dcu_dau_rdata 


256 


In 


256- bit read data from DCU. 


dcu_dau_rrvalid 


1 


In 


Signal indicating valid read data on dcu_rdata. 



The CPU subsystem bus interface is described in more detail in Section 1 1.4.3. The DAU block will only 
allow supervisor mode accesses to data space (i.e. cpu_acode[l:0] = bl 1). All other accesses will result in 
diu_cpu_berr being asserted. 
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20.13.3 DAU Configuration Registers 



Table 82. DAU configuration registers 







IBS 


wm 




0x00 


Reset 


1 


0x1 


A write to this register causes a reset of the 
DIU. 

This register can be read to Indicate the 
reset state: 

0 - reset in progress 

1 - reset not In progress 


0x04 


Refresh Period 


10 


0x000 


Background refresh controller, 
wnen set to u background refresh is off, oth- 
erwise value indicates number of cycles 
between each refresh. 


0x08 


NumMainTlmeslots 


7 


0x40 


Number of main timestots (0-64) 


0x09 


CPUTimeslots 


4 


0x0 


CPUTimeslots out of TotafTimeslots are 
available for the CPU. 


OxOA 


TotafDmesiots 


4 


0x0 


CPUTimeslots out of TotaJTtmesfots are 
available for the CPU. 


0x100-0x1 FC 


MainTimeslot 


[84K5J 


0x00 


Programmable main timeslots (up to 64 
main timeslots) 


0x200-0x208 


Sub3Timesiot 


[3H5] 


0x00 


Programmable sub- timeslots (3 timeslots 
timeslots) 


0x210-0x21 C 


Sub4Timeslot 


mm 


0x00 


Programmable sub- timeslots (4 timeslots 
timeslots) 


0x220-0x234 


Sub6Timeslot 


[6][5] 


0x00 


Programmable sub- timeslots (6 timeslots 
timeslots) 


0x300 


ReadRoundRobin Level 


12 


0x000 


For each read requester plus refresh 

0 = level 1 of round-robin 

1 = Ievel2 of round-robin 



Each main timeslot and sub-timeslot can be assigned a SoPEC DIU requestor according to Table 83. Main 
timeslots can be assigned SoPEC units, refresh and sub-timeslots. Sub-timeslots can be assigned SoPEC 
units and refresh but not to other sub-timeslots. 

Table 83. SoPEC DIU Encoding 



None 


bOOOOO 


0x00 


Write 


CPU(W) 


D00001 


0x01 


SCB 


D00010 


0x02 


CDU(W) 


D00011 


0x03 


SFU(W) 


D00100 


0x04 


OWU 


DO0101 


0x05 


Read 


CPU(R) 


000110 


0x06 
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Table 83. SoPEC DIU Encoding 



aaffiBMHaaawMB 



CDU(R) 


boom 


0x07 


CFU 


bOIOOO 


0x08 


LBO 


b01001 


0x09 


SFU(R) 


b01010 


OxOA 


TE(TD) 


b01011 


OxOB 


TE(TFS) 


b01100 


OxOC 


HCU 


HJ1101 


OxOD 


DNC 


bomo 


OxOE 


LLU 


b01111 


OxOF 


PCU 


MOOOO 


0x10 


Others 


Refresh 


b1000l 


0x11 


Sub 1 times tot 


b10010 


0x12 


Sub2timeslot 


M0011 


0x13 


Sub3timeslot 


blOlOO 


0x14 



ReadRoundRobinLevel and ReadRoundRobinEnable registers are encoded in the bit order defined in 
Table 84. 



Table 34. Read round-robin registers bit order 





CPU(Fi) 


0 


CDU(R) 


1 


CFU 


2 


LBD 


3 


SFU(R) 


4 


TE(TD) 


5 


TE(TFS) 


6 


HCU 


7 


DNC 


8 


LLU 


9 


PCU 


10 


Refresh 


11 
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20.13.4 DJU Partition 



_addrt12:2] ► 



cpu_rwn- 
cpu_d7u_seH 
cpu. 

cpu_dataoutJ31:0] 
cpu. 
cpu_fcJ2:0) 
dfu_cpu. 

dlu_cpu_rdy« 
dJu„cpu_berr« 
<unlt>_diu_rreq- 
<unit>_dlu_wreq- 



.date[3l:0>4 — 



CPU 

Interface 

and 
Arbitration 
Logic 



re_ar jltrat^ v 



dru_<unJt>_rack« 
<unxt>_d[u_radr(21:5] - 

dhj_<unte>_wack 4 
<unit>_diu_wadr[2 1 :5] - 

cpu_addr[2l:0]- 



read_cmd_avatf L 

r|te_cm Lavajl 
writ >_dat i 



diu_cpu_data[255:0] ^ 
<flu_data(63:0J^. 

dh/_<unjt>_rvalld < 



cpu_dlu_data(31:0) - 
<unft>_dfu_data[63:0] » 
<unlt>_dlu_wvalld- 
cpu_dhj_wma skj 1 :0) _ 

cpu„addrt4;01 — 
cdu_dlu_wadr|4:3] _ 



_gnt 



write _due(l 



Cc mmand 
Mi Itiplexor 



.avail 



debug_req 
debugLanabta 
J debug_*tart_adr 

debuiQ_end_adf 



Debug 

4 



acces3_typaI3:0] 




debu{L.diu_wadr{2 1 :5] 
d;u_debug_wack 

dcd/8! 



dcu_cmd^accept 



dau_cmd_avall 



dau_cmd _refresh 



dau_cmd_adr 



dau_cmd_rwn 



Read 
Write 
Data 
Multiplexor 



dcti_rvalid 



dcu.rdata 



dau_wvalid 



sh_coi tplete 



dau_wmask 



read_adr_ael 


Debug 


read_compiete 




wrlte_adr_sel 




write_compteta 




debug_wdata(255:01 




debtig_wvalid 





DRAM Access Unit (DAU) 



Figure 84. DJU Partition 



DRAM 
Controller 
Unit 
(DCU) 



eDRAM 
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20.1 3.5 CPU Interface and Arbitration Logic Sub-block 



Table 85. CPU Interface and Arbitration Logic Sub-block IO Definition 





wm 


im 




Clocks and Resets 


pdk 


1 


In 


System Clock 


prs\_r\ 


1 


In 


System reset synchronous active low 


CPU Interface data and control 


signals 






cpu_addr(12:2] 


11 


In 


CPU address bus. 1 1 bits are required to decode the 
address space for this block 


cpu_dataout(31 .-0] 


32 


In 


Shared write data bus from the CPU 


diu_cpu_datain(31 :0] 


32 


Out 


Read data bus from the DIU to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_fc[2;0] 


3 


In 


CPU Function Code signals. 


cpu_dlu_sel 


1 


In 


Block select from the CPU. When cpu_diu_sei is high both 
Cpu_addran6 cpu^dataout are valid 


dlu_cpu_rdy 


1 


Out 


Ready signal to the CPU. When diujcpu^rxfy Is high ft Indi- 
cates the last cycle of the access. For a write cycle this 
means cpu_dataout has been registered by the block and 
for a read cycle this means the data on diu cpu dataJn is 
valid. 


diu_cpu_berr 


1 


Out 


Bus error signal to the CPU indicating an Invalid access. 


DIU Read Interface to SoPEC Units 


<unit>_diu_rreq 


1 


In 


SoPEC unit requests DRAM read. 


DIU Write Interface to SoPEC Units 


<unit>_dfu_wreq 


1 


m 


SoPEC unit requests DRAM write. 


Internal Inputs from other DAU blocks 


re_arbitrate 


1 


In 


Signal telling the arbitration logic to choose the next arbitra- 
tion winner. 


debug_req 


1 


In 


DIU request signal from Debug logic. 


Internal Outputs from other DAU blocks 


debug_enab1e 


17 


Out 


1 = Enable DIU Debug 
0 a Disable DtU Debug 


debug_start_adr[21 :5] 


17 


Out 


DIU debug start address. 


debug_end_adrf21 :5J 


17 


Out 


DIU debug end address. 


unlt_gnt 


1 


Out 


Signal lasting 1 cycle which Indicates arbitration has 
occurred. Indicates adr_selarvd write due are. valid. 


adr_sel{4:0] 


5 


Out 


Signal indicating which requesting SoPEC Unit has won 
arbitration. j 
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Table 85. CPU Interface and Arbitration Logic Sub-block 10 Definition 













write_due(1 :0] 


2 


Out 


writ6_due[0] indicates if the next arbitration winner will be a 
write access. writo„due[1] indicates if the subsequent arbi- 
tration winner wtll be a write access. Valid on unit_gnt. 
write„due[1] is only required where 2 cycle random ORAM 
access is possible. 


access_type[3:0] 




4 


Out 


Signal indicating the origin of the winning arbrtratlon 

0000= main timeslot 

0001=sub1tlmeslot 

0010=sub2timesJot 

00ll=sub3timeslot 

0100=sub4timeslot 

0101=round-robin levelt 

01 10=round-robin Ievel2 

01 1 1 =priority 

1000=cpd round robin 



20.13.5.1 CPU Interface and Arbitration Logic Sub-block Description 

The CPU Interface and Arbitration Logic sub-block is shown in Figure 85. The CPU interface sub-block 
provides for the CPU to access DAU specific registers by reading or writing to the DAU address space. 

The CPU subsystem bus interface is described in more detail in section Section 1 1 .4.3. The DIU block will 
only allow supervisor mode read or write accesses to data space (i.e. cpu Jc[2:0] - blOl). All other 
accesses will result in diu_cpu_berr being asserted. 
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<unlt>_d1u_rreq- 



<unit>_diu_wreq - 



re_a/t> Urate 



cpo_fwn— ► 
Cpu_diu_sel — 
cpu_addrp 2:2] » 



cpu_dataout{31 :0l * 

cpujc[2:0] 
diu_cpu_data[3l:i 



dlu_cpii_rdy^ 

diu_cpu,berr^ 



CPU 
Interface 



configuration 



Arbitration 
Logic 



ref_rst 



refresl 



irCperiod* 



unJtjjnt 



4^ 



y » adr.sel 



access_type 



Refresh 
Counter 



debug_enable 



debug_req 



debug_start_adff2l :5] 



d6bug_end_adrt2 1 :5] 



Figure 85. CPU Interface and Arbitration Logic 

Arbitration is triggered by the signal re_arbitrate with the signal unit _gnt indicating that arbitration has 
occurred and the arbitration winner is indicated by adr_?el[4:0]. Arbitration should take I clock cycle so 
unit_gnt is asserted the clock cycle after re_arbitrate and stays high for 1 clock cycle, adr jsel[4:0] 
remains persistent until arbitration occurs again. The arbitration timing is shown in Figure 86. 



pclk 

re_arbitrate 
unit_gnt 

adr_sel[4:0] 
write_due[l:0] 



J — L 



| 00000 j 01000 


00001 — | 


00 


0, 


00 | 



Figure 86. Arbitration timing 

The basic arbitration table is 64 entries of 5 bits. Arbitration works by having a pointer advance to the next 
entry in the table whenever re^arbitrate is asserted. Four of the main slots can be assigned to a set of 4 
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sub-slots. Each of these sub-slots requires 4 entries of 5 bits and a pointer. The pointer advances along the 
sub-entries every time arbitration selects a sub-slot. Slots can also be assigned to round-robin or priority 
allocations. 

write_due[l:OJ will point to timeslots 1 and 2 arbitration cycles in the future. write_duefI:OJ looks ahead 
in the arbitration and indicates if the next arbitration winner (based on currently requesting write request- 
ers) and the subsequent arbitration winner will be a write access. The write_due[l:OJ functionality is 
added to allow write transactions be selected early by the command multiplexor sub-block to offset the 
latency of trarisferring the write data over the write data busses before the DRAM access can occur. This is 
only required for IBM DRAM. With Toshiba and Philips DRAM, the DRAM access latency masks any 
latency in transferring the write data. 

If an assigned slot is not used (because its corresponding SoPEC Unit is not requesting) then it can be re- 
assigned in a number of ways. Slots can be re-assigned using a round-robin or a priority based assignment 
Round-robin assignment can have up to 2 1 round-robin slots. Its implementation requires a pointer to keep 
track of the currently assigned round-robin slot. If the slot pointed to is not requesting then the next round- 
robin slot is considered and so on. Round-robin is effectively a priority assignment with the slots assigned 
a priority according to the slot order. Round-robin and priority arbitration will be calculated in a hierarchi- 
cal manner shown in Figure 87. If no round-robin slots are requesting then DRAM access is re-assigned 
according to priority. 
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Figure 87. Hierarchical priority based arbitration calculation 

It may be desirable to have 2 levels of round-robin arbitration. If there is no requester in the first level, then 
the arbitration looks at the second level. If there is no second-level requester then the DRAM access is 
assigned according to priority. 
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There is a background refresh counter which is reset whenever the arbitration logic selects a refresh. If the 
refresh counter reaches refresh_period[9:0] it stops counting and asserted a signal refjssue which forces 
the next arbitration winner to be a refresh. This will delay any fixed timeslot allocation by one slot. If the 
slot was being re-allocated to a non-fixed timeslot requester then refresh will win the arbitration. 

Debug can also request DIU access via the signal debug_req. DIU debug access when enabled will obtain 
DIU access at the expense of CPU DIU slots. 

20. 13.5.2 Arbitration of writes 

For write accesses, except the CPU, 256-bits of write data are transferred from the SoPEC DIU write 
requestors over 64-bit write busses in 4 clock cycles. This write data transfer latency means that writes 
accesses must be arbitrated two timeslots in advance. Figure 88, which repeats the DIU write protocol 
shown in Figure 73, shows why this is necessary. 

If this were a read access, then the read address is captured by the DIU in cycle 4 and presented to the 
DRAM in cycle 5. The read access at the DRAM will start in cycle 5. This corresponds to timeslot A 
write access cannot start until all the write data is available i.e. until cycle 9. This is a 4 cycle delay. The 
write access at the DRAM will not start until cycle 1 1 which corresponds to the start of timeslot 
Therefore, write arbitration must occur 2 timeslots in advance and incurs an additional latency of 2 cycles. 

The exact timing of read and write accesses will be outlined in Section 20.13 Implementation. 
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<unit>_diu_wreq 
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Figure 88. Write Protocol shown for a SoPEC Unit making a single 256-bit access 
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20.13.6 Command Multiplexor Sub-block 

Table 86. Command Multiplexor Sub-block fO Definition 



Clocks and Resets 


pclk 


1 


In 


System Clock 


prstjn 


1 


In 


System reset synchronous active low 


DIU Read Interface to SoPEC Units 


<unlt>_Cfiu_radff21 :5J 


17 


In 


Read address to DIU 

17 bits wide (256-bit aligned word). 


diu_<unit>_rack 


1 


Out 


Acknowledge from DIU that read request has been 
accepted and new read address can be placed on 

<unit>jdlujmdr 


DIU Write Interface to SoPEC Units 


<unlt>_diu_wadrf21 :5] 


17 


In 


Write address to DIU except CPU, SCB, CDU 
17 bits wide (256-bft aligned word) 


cpu_addr[21:0j 


22 


In 


CPU Write address to DIU 

22 bits wide (8-bit aligned word) 

Addresses cannot cross a 256-bit word DRAM boundary. 


cdu_diu_wadf(21:3] 


19 


In 


CDU Write address to DIU 

1 9 bits wide (64-bit aligned word) 

Addresses cannot cross a 256-blt word DRAM boundary. 


diu_<unlt>_wack 


1 


Out 


Acknowledge from DIU that write request has been 
accepted and new write address can be placed on 

<unit>jdiu_ wadr 


debu g_diu_wad r{2 1 :5] 


17 


In 


Debug write address to DIU 

17 bits wide (256-bit aligned word) 


dlu_debug_wack 


1 


Out 


Acknowledge from DIU that debug write request has been 
accepted and new write address can be presented. 


Interna] Inputs 


unit_gnt 


1 


In 


Signal lasting 1 cycle which indicates arbitration has 
occurred. 


adr_sel[4:0] 


5 


In 


Signal indicating which requesting SoPEC Unit has won 
arbitration. 


write_due[1 :0J 


2 


In 


write_due{0] Indicates if the next arbitration winner will be a 
write access. write_due{l} indicates if the subsequent arbi- 
tration winner will be a write access. Valid on uni^gnt 
write_duQ(1]is only required where 2 cycle random DRAM 
access is possible. 


read_cmd_avaM I 


1 


In 


Signal indicating that command multiplexor can issue read 
accesses. 


write_cmd_avail 


1 


In 


Signal indicating that command multiplexor can issue write 
accesses. 


write_data_avall 


1 


In 


Signal indicating that valid write data Is available for the cur- 
rent command. 


Internal Outputs 


re_arbitrate 


1 


Out 


Signalling telling the arbitration logic to choose the next arbi- 
tration winner. 


Signals from DCU 


dcu_cmd_accept 


1 


In 


Signal indicating that the DCU has accepted a valid com- 
mand from the DAU. 
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Table 86. Command Multiplexor Sub-block 10 Definition 





S9S9 


mmmmmmmmmmmm 


signals to DCU 


dau_cmd_avail 


1 


Out 


Signal indicating a DAU command is available i.e. 
dau_cmd_adr, dau_cmd^nvn and dau cmd refresh are 
valid. 


dau_cmd.adr(21 :5] 


17 


Out 


Signal indicating the address for the DRAM access. This is a 
256-bit aligned DRAM address. 


dau_cmd_rwn 


1 


Out 


Signal indicating the direction tor the DRAM access. 


dau_cmd_re fresh 


1 


Out 


Signal indicating that a refresh command is to be issued. If 
asserted cmdjadrend cmd^rwnwU) be ignored. 



20.13.6.1 DAU-DCU Interface Description 

dau_cmd_avail indicates that the Command Multiplexor has a valid command to issue. When 
dau_cmd_avail is asserted the signals dau_cmd_adr[21:5] 9 dau_cmd_rwn and dau_cmd_refresh are valid. 
In the case of a write command, dau_cmd_avail will not be asserted until the Read- Write Data Multi- 
plexor sub-block has valid write data to supply, indicated by write_data_avail t as well as a valid write 
address. 

The DCU indicates that it has accepted a command by asserting dcu_cmd_accept for l cycle. This indi- 
cates to the Command Multiplexor that it can supply a new command to the DCU. The DCU cannot assert 
dcu„cmd_accept until the Command Multiplexor presents a valid command ' as indicated by 
dau_cmd_avail. 

20. 13. 6. 2 Command Multiplexor Sub-block Description 

The command multiplexor sub-block issues read, write or refresh commands to the DCU, according to the 
SoPEC Unit selected for eDRAM access by the arbitration logic. The command multiplexor also signals 
the arbitration logic to perform arbitration to select the next SoPEC Unit for eDRAM access. Re-arbitra- 
tion takes place, in general, when the DCU indicates on dcu_cmd_accept that it has accepted the previous 
command. 

A state-machine for the command multiplexor is shown in Figure 90. 
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ArbftrationEnable=0 
reset=0 ^ 



ArbitratJon Enable = 0 




req 



ArbitrationEnable = 1 



I 

_4_ 



( ADR ) 



Figure 90. Arbitration and Address Transfer state-machine 

The states in Figure 90 are defined as follows: 
Table 87. Command Multiplexor state description 



^^>^z^jL±^i thz3 . l jl-Ai itL ^lj^Jz nziLt riJh^srilk HffljteiLi&* 



IDLE . 


Controller goes to this state on reset and when ArbitrationEnable is 
de-asserted. 


RE-ARB 


When ArbitrationEnable is asserted and there is a DIU requester, 
assert re_arbitrate so Arbitration Logic will select source of next 
DRAM access indicated by adr_sel. 


ACK 


Send acknowledge to source of next DRAM access indicated by 
adr_sel. 


ADR 


Receive DRAM address from source indicated by adr jsel and in 
the next cycle place it in command queue along with adr _jeL 



In the ACK and ADR states of Figure 90, the signal adr_sel is used to multiplex between the SoPEC Units 
to capture the eDRAM address of the winning requester, as illustrated in Figure 91. The winning address is 
written into a command queue together with adrjsel. If the winning requester is refresh then no address is 
written into the command queue. 
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Figure 91. Command multiplexor sub-block 

The command at the head of the command queue drives the command issuing logic which generates the 
signals required by the DRAM Controller Unit. The validity of the command is indicated by 
dau_cmd_avail The commands are captured by the DCU by a dcu_cmd_accept strobe lasting 1 cycle. 
This signal also causes the command queue FIFO to be popped so that the next command is available to be 
be captured by the DCU. For a write command, daujcmd_avail will not be asserted until there is also valid 
write data present. This is indicated by the signal writejdata^avail from the Read-Write Data Multiplexor. 
Normally, the command queue will only have one filled location i.e. dcu_cmd_accept will cause a com- 
mand to be captured by the DCU and re-arbitration will be kicked off so as to provide the next command 
to the DCU in time for the next dcu_cmd_accept strobe. This is true for read and refresh commands. The 
timing is shown in Figure 92. It is assumed there is a pipeline delay between dcu_cmd_accept and 
^arbitrate and a further pipeline delay between the address received from the SoPEC Unit and the 
address the DAU issues to the DCU. 

For refresh commands: 
re_arbi tra ce <« dcu^cmd^accept AND (command queue not full) . 

For read commands which use the shared read bus, we must also ensure that the read multiplexor logic is 
available to transmit the read data to the SoPEC read requester. This is indicated by the signal 
read_cmd_avail which provides flow control from the read data multiplexor logic. So for read commands: 
re^arbitrate <= dcu_cmd_accept AND (command queue not full) AND 

( ( {ctod^adr_sQl » shared read bus access) AND read^ciod^avail) 

OR (cmd_adr_3ol « CPU)) 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 240 



SoPEC : Hardware Design 



A shared read bus access is any read access except the CPU, 
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Figure 92. Command Multiplexor sub-block timing for 2 cycle DRAM access read and refresh 

accesses 

In the case of a write command, the write data must be transferred from the SoPEC requester before the 
write can occur. Arbitration should occur early to allow for any delay for the write data to be transferred. 
Figure 73 indicates that write data transfer over 64-bit busses will take a further 5 cycles after the address 
is transferred The arbitration logic produces the signals write_due[0] and write^dueflj which point to 
timeslots 1 and 2 arbitration cycles in the future to indicate in advance future write accesses. 

For Toshiba and Philips 8 or 9 cycle DRAM write access no such future write arbitration is required. In 
that case 

re^arbitrate <= dcu_cind_aecepe AND (command Queue not full) AND { ( {cmd_adLr_sel * shared 
read bus access) AMD read_avaij; OR [ {cmd_adr_sol = write access) AND write^cmd^avail) ) . 

For 2 cycle random DRAM access and 5 cycle write data transfer latency both write_due[OJ and 
write^duefl] are required. The command queue must be sized at 3 deep. If the timeslot sequence for 
DRAM access is a read, followed by a write, followed by a write, then arbitration should occur to select 
the read access immediately followed by re-arbitration twice more to select the future write accesses. The 
condition for re-arbitration in advance of the write access is 

rs^arbitrate <= (command queue not full) AND writo_cmd_avail AND (write due(O) OR 
writo_duQ(l)) . 

write_cmd_ovail provides flow control from the write data multiplexor logic. 
Open Issue 

The mechanism described here only pre-empts write accesses indicated by write JLue [1:0] based on fixed 
timeslot allocation. If a write access is selected based on un-used timeslot re-allocation then it will intro- 
duce a latency in the access stream. One possibility to only disallow un-used timeslot allocation in the case 
of write accesses. An alternative is to use 256-bit data busses to transfer write data but this is likely to 
cause an increase the area of the DIU and/or decrease the chip wiring utilization. Another possibility is to 
have separate un-used timeslot reallocation logic for write accesses associated with write Jtue [1:0] i.e. 
write requests are always only considered 1 or 2 arbitration cycles in the future. In this case there is efTeo 
tively a different time window for considering write requests and read requests. 
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20.1 3.7 Read and Write Multiplexor Sub-block 



Table 88. Read and Write Multiplexor Sub-block IO Definition 







EES 




Clocks and Resets 


pclk 


1 


In 


I System Clock 


prst_n 


1 . 


In 


System reset, synchronous active low 


DIU Read Interface to SoPEC Units 


diu_dataf63:Ol 


64 


Out 


Data from DIU to SoPEC Units except CPU. 
First 64-bits Is bits 63:0 of 256 bit word 
Second 64-bits Is bits 127:64 of 256 bit word 
Third 64-bits Is bits 191:128 of 256 bit word 
Fourth 64-bits is bits 255:1 92 of 256 bit word 


dlu_cpu_data[255:0] 


256 


Out 


256-blt data from OIU to CPU. 


diu_<unJt>_rvaIld 


1 


Out 


Signal from DIU telling SoPEC Unit that valid read data is on 
the diu^data bus 


DIU Wrtte Interface to SoPEC Units 


<unit>_diu_data[63:0] 


64 


In 


. Data from SoPEC Unit to DIU except CPU. 
Rrst 64-bits is bits 63:0 of 256 bit word 
Second 64-btts Is bits 1 27:64 of 256 bit word 
Third 64-bits is bits 191:128 of 256 bit word 
Fourth 64-bits is bits 255:192 of 256 bit word 


cpu_diu_data(31:0) 


32 


In 


Data from CPU to DIU. 


cpu_addr[4:0] 


5 


In 


Lower bits of CPU Write address to Indicate which byte 
within the 256-bit DRAM word Is selected. 


cpu_dlu_wmask|1 :0] 


2 


In 


Rag indicating format of CPU write to DRAM 
cpu_diu_wmask = "00": 8-bit write 
cpu_dju_wma$k= M OV: 16-bit write 
cpu_diu_wmask » "1 or: 32-bit write 
cpu_diu_wmask = "11": reserved 

cpu_add/t2:0l are driven in accordance with the width of the 
data access indicated by cpu_diu„wmask. Addresses can- 
not cross a 256-bit word DRAM boundary. 


<unlt>_diu_wvalld 


1 


In 


Signal from SoPEC Unit indicating that data on 
<unit>_diu_data is valid. 


Internal Inputs 


unlt_gnt 


1 


In 


Signal lasting 1 cycle which indicates arbitration has 
occurred. 


adr_sel[4:0] 


5 


In 


Signal indicating which requesting SoPEC Unit has won 
arbitration. 


Internal Outputs 


read_cmd_avail 


1 


Out 


Signal indicating that command multiplexor can issue read 
accesses. 


write_cmd_avail 


1 


Out 


Signal indicating that command multiplexor can issue write 
accesses. 


write_data_avaiJ 


1 


Out 


Signal indicating that valid write data is available for the cur- 
rent command. 


DCU Inputs j 


dcu_rdata 


256 


In 


256-bit read data from DCU. 


dcu^rrvalid 


1 


In 


Signal indicating valid read data on dcu_rdata. 


DCU Outputs 
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Table 88. Read and Write Multiplexor Sub-block 10 Definition 



mmmmmmm 


ma 




dau_wdata 


256 


Out 


256-bit write data to DCU 


dau_wmask 


256 


Out 


256-bit write data mask to DCU tor IBM DRAM (byte masks 
are used for Philips and Toshiba DRAM). 


dau_wvalid 


17 


Out 


Signal indicating valid write data and write mask. 


Debug signals 








debug_wdala 


256 


In 


256-bit debug write data 


debug_wvalid 


1 


tn 


256-bit debug write data valid 


read_adr_sel[4:0] 


5 


Out 


Signal indicating the SoPEC Unit for which the current read 
transaction is occurring. 


read_comp!ete 


1 


Out 


Signal indicating that read transaction to SoPEC Unit indi- 
cated by rBad_adr_set is complete. 


write_adr_sel(4:01 


5 


Out 


Signal indicating the SoPEC Unit for which the current write 
transaction is occurring. 


write_complete 


1 


Out 


Signal indicating that write transaction to SoPEC Unit Indi- 
cated by write_adr_$et is complete. 
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20.13.7. 1 Read Multiplexor logic description 




Figure 93. Read multiplexor logic 

There are 2 read channels - one for the CPU and a shared read bus for the rest of SoPEC. The shared read 
bus has buffering for 2 times 256-bits of read data i.e 256-bits of data can be received from the DCU while 
data is being transferred over the 64-bit shared read bus to the SoPEC Units. Once a read address is issued 
by the arbitration logic the adrjsel[4:0] value is put into a read command queue in the read control logic. 
The queued adrjsel[4:0] values allow the dcu_rvalid and read data from the DCU to be directed to the 
correct source. In the case of the CPU bus dcu^valid and dcujiata can be multiplexed by the 
adr^el [4 ': 0] value at the head of the FIFO direcdy to the CPU. If the incoming data goes over the shared 
read channel then the data is stored in a 2 deep 256-bit read data buffer and output over 4 cycles to the 
SoPEC requester when the previous transaction on the shared read bus is completer 

The depth of the adr_sel[4:0] read command queue is 2. When the queue is full no further adr_?el[4:0] 
can be accepted and no further read commands can be issued by the command multiplexor to the DCU. 
This provides flow control back to the re-arbitration logic in the command multiplexor. The signal 
read_cmd_avail indicates that spaces are available in the read command queue 

The 2 deep command queue and the double data buffer means that the access rate will be limited to which 
ever takes longer - DRAM access or transfer of read data over the shared read data bus. Some extra logic 
may need to be added to time the assertion of read_cmd_avail so that the read latency is kept to a mini- 
mum. 
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20. 13. 7.2 Write Multiplexor logic description 



cpu_diu_wdata 32 x 



cdu_diu_wdata e4 



SoPEC Unit 1 



<unit>_diu_data 



I 



j wvalid ^ 



SoPEC Unit 2 



<urlit>_dru_data 



I 

I wvalid . 



I 

<U2it>_dju_data 



WRITE DATA MUX X2 



14 



e4 



256. wmask 
—r- • 



wvalid 




7* 



write data buffer 
1 2 3 



64 


64 


64 


64 


64 


64 


64 


64 


64 


64 


64 


64 



256, wdata ( 



Rguro 94. 

Once a write address is issued by the arbitration logic, the adr_?el[4:0] value is put into a write command 
queue FIFO in the write control logic. The queued adrjsel[4:0] values allow the wvalid and write data 
from the SoPEC requester to be multiplexed to the DCU. The write multiplex logic is duplicated 2 times to 
provide two overlapping write channels. If 256-bit write data busses are used then a single write channel 
which can be shared by CPU is all that is required. 

The depth of the adr_jel[4:Q] queue is 3. When the queue is full no further adr_jel[4:0] values from the 
CPU Arbitration block will be accepted. This provides flow control back to the re-arbitration logic in the 
Command Multiplexor sub-block. The 2 channels cannot select the same SoPEC write requester. 
write_cmd_avail is asserted whenever there is a space in the queue. There are 2 write pointers and I read 
pointer. Each of the channels has a write pointer associated with it. write_data_avail indicates that valid 
write data is available to be issued along with the address the command multiplexor will issue. 

There are 2 special cases for write accesses - CPU writes and CDU writes. 

CPU writes 

In the case of CPU writes the CPU write data bus is only 32-bits wide. cpu_diu_wmaskfl :0J indicates how, 
many bits have to be written: 8, 16 or 32-bits. The associated address cpu_addr[21:0J is a byte aligned 
address. The actual DRAM write must be a 256-bit access. The command mulriplexor issues the 256-bit 
DRAM address cpu_addr[21:5], cpu_addr[4:0] and cpu_diu_wmask[l :0] are used to calculate the bit 
write mask wmask[255:0] for the write access. 
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8-bit write: cpu^diu^wmaskfl :0J = '00': 

K. bltS , 8&c ^ addr ^ : °J to <8*(cpu_*ddr(4:0)+l) -1) of wmaak(2S5:0] are assorted. 
16-bxt write: cpu^diu^wmaskfl : 0} = '01': 

„ u * it8 , 3 * c t> u -« ddr t 4 '-°' to <16Ucpu_«ddr[4:0]+l) -i) Q f wm6sk(25S:0) are asaerted. 
32 -bit write: cpu^diu^wmaskfl : 0) « «10'.« 

bits 8*cpu„*ddr(4:0} to (32* (cpu_eddr[ 4 :0)+l> -1) of *m*Bk(2S5:0J are asserted. 

CDU writes 

Each CDU write access is a burst of 4 times 64-bits of write data to the 64-bits of the 256-bit DRAM 
address indicated by cdu_dxuj»adr[21:3] and the 3 subsequent 256>bit DRAM words. If these 4 DRAM 
words he in the same DRAM row then an efficient access will be obtained. The command multiplexor 
logic must issue 4 successive accesses to 256-bit DRAM addresses cdu_diu_wadr[21S] +/ +2 +J 
™™kPS5:0] is calculated using cdu_diu^wadr{4;3] i.e. bits <A*cdu diu wadr[4:3j' to 
(64*(cdu_diu_wadr[4:3J+l) -J) are asserted. " " 
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20.13.8 DIU Debug Sub-Block 

Tab!fc*9. DIU ug Sub-block 10 Definition 











Clocks and Resets 


pcik 


1 


In 


System Clock 


prst_n 


1 


In 


System reset, synchronous active low 


CPU Interface and Arbitration Logic 


debug^enable 


1 


In 


1 = Enable DIU Debug 
0 = Disable DIU Debug 


debug_start_adr[21 :5] 


17 


In 


DIU debug start address. 


debug_end_adrt21 :5] 


17 


In 


DIU debug end address. 


debug_req 


1 


Out 


DIU request signal from Debug logic. 


<unit>_diu_rreq 


1 


In 


SoPEC unit requests DRAM read. A read request must be 
accompanied by a valid read address. 


<unit>_dlu_wreq 


1 


In 


SoPEC unit requests DRAM write. A write request must be 
accompanied by a valid write address. 


unit_gnt 


1 


tn 


Signal lasting 1 cyde which indicates arbitration has 
occurred. Indicates adr_sol and write^due are valid. 


ad/_sei[4:0] 


5 


In 


Signal Indicating which requesting SoPEC Unit has won 
arbitration. 


acces8_type[3:0] 


4 


fn 


Signal indicating the origin of the winning arbitration 

O000=maintimeslot 

000 1 ~su b 1 tJmeslot 

0010=sub2timeslot 

0011 ssub3tlmeslot 

01 00=sub4timeslot 

010t=round-robin level 1 

01 1 0=round-robtn Ievel2 

01 11 apriority 

1000=cpd round robin 


DRAM Control Unit 


dcu_refresh_complete 


1 


In 


Signal indicating that the DCU has completed a refresh. 
Exact timing needs to be defined. 


Read Write Data Multiplexor 


debug.wdata 


256 


Out 


256-bit debug write data 


debug_wvalid 


1 


Out 


256-bit debug write data valid 


read__adr_se^4:0] 


5 


In 


Signal indicating the SoPEC Unit for which the cunent read 
transaction Is occurring. 


read.comptete 


1 , 


In 


Signal indicating that read transaction to SoPEC Unit indi- 
cated by reacLaoV_se7is complete. 


wrlte^.adr_sel[4:0] 


5 


In 


Signal indicating the SoPEC Unit for which the current write 
transaction Is occurring. 


write_complete 


\ 


In 


Signal Indicating that write transaction to SoPEC Unit indi- 
cated by writo_adr_sel is complete. 



External visibility of the DIU must be provided for debug purposes. To allow this special debug logic is 
added to the DIU. When DIU debug is enabled by debug^enable, the DIU debug sub-block will collect 
debug data. The DIU debug sub-block will itself have a 256-bit double buffer interface to the DIU. When 
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256-bits of debug data have been collected then the DIU debug sub-block will request access to DRAM by 
asserting debug_req. When the request is acknowledged on diu_debug_wack the DIU debug circuit will supply a 
write address, 256-bits of write data and a write valid. The arbitration logic will give the DIU Debug priority over CPU 
slots. This means the Debug 256-bit double-buffer will never overflow and debug will not affect the access of other 
blocks except the CPU (but this should not be important as debug will request with a low frequency and there are 
many umcslots assigned to the CPU). The DIU Debug circuit will generate a write address by incrementing (and 
wrapping around) between debug_start_adr[21:5] and debugjend_adr[21:5]. 

Two kinds of debug information seem sensible to gather, 

a. The order and source of DIU requesters winning. This is obtained by storing adr jsel[4:0] 
along with the access Jtype [3:0] every time unit_gnt is asserted 

b. The time between a DIU requester requesting an access and completing the access. This infor- 
mation is obtained by having a counter for each DIU requester. The counter is reset and starts 
counting when the Unit starts requesting. The count is reset when the read or write access is 
complete as indicated by read^complete AND readjadr _sel[4:0] OR writejcomplete AND 
write„adr_jel[4:0J. When refresh is complete this is indicated by dcu _jefreshj:omplete. Typi- 
cally most SoPEC DIU requesters require an access every 256 cycles so a 10-bit counter is suf- 
ficient for most requesters. HCU and TE(TFS) require only a few accesses per line so in this 
case 15-bit counters are adequate. The count is returned along with the index of the SoPEC 



The two kinds of debug information need to be both written to the DRAM debug channel. This can be 
achieved by filling separate 256-bit double buffers' with the 2 sources of information. Each 256-bit word 
may contain un-used bits depending on the packing. The first bit of each 256-bit debug word will indicate 
which of the two kinds of debug information is contained therein (0 for a % 1 for b above). 



Unit. 
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J3 



PEP Subsystem 
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21 

21.1 



PEP Controller Unit (PCU) 



Overview 



The PCU has three functions: 

• The first is to act as a bus bridge between the CPU-bus and the PCU-bus for reading and writing PEP 
configuration registers. 

• The second is to support page banding by allowing the PEP blocks to be reprogrammed between bands 
by retrieving commands from DRAM instead of being programmed directly by the CPU. 

• The third is to send register debug information to the RDU, within the CPU subsystem, when the PCU 
is in Debug Mode. 

21.2 Interfaces between PCU and other units 



CPU 



XXX_pcu_rdy- 
XXX_pcu_data . 



pcu_XXX.se! 
pcu_ data out +- 
pcu.adr 
pcu_rwn 4- 



42- 





cpu_adr 1$. , 






cpu_dataout ' 32,1 


-> 


4- 


pcu_cpu_data ' 1 32, 


-* 




cpu_rwn | r 






cpu^pcu^ael • 






pcii.cpu.rdy ^ 


-> 


«- 


cpu_acode 2 y 1 






pcu_cpu_berr ' 8 






pcu_cpu_debuo_va!fd 







CDU 




LBD 




TE 



cdujlnteftedband 



Ibd.flntehedband 



slate 
machine 



64,' 



17 



3 



ORAM 
interface 



"ST 



te_finishedband 



end of band 
unit 



PEP controller unit 



interrupt Controller Unit 
(ICU) 



Figure 95. Block diagram of PCU 



21.3 BUS BRIDGE 



The PCU is a bus-bridge between the CPU-bus and the PCU-bus. The PCU is a slave on the CPU-bus but 
is the only master on the PCU-bus. See Figure 13 on page 39. 
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21.3.1 CPU accessing PEP 

All the blocks in the PEP can be addressed by the CPU via the PCU. The MMU in the CPU-subsystem 
will decode a PCU select signal, cpu_j>cu_sel t for all the PCU mapped addresses (see section 11.4.3 on 
page 70). Using cpu_adr bits 15-12 the PCU will decode individual block selects for each of the blocks 
within the PEP. The PEP blocks then decode the remaining address bits needed to address their PCU-bus 
mapped registers. Note: the CPU is only permitted to perform supervisor-mode data-type accesses of the 
PEP, i.e. cpu_acode ~ 11. If the PCU is selected by the CPU and any other code is present on the 
cpujacode bus the access is ignored by the PCU and the pcu_cpujberr signal is strobed, 

CPU commands have priority over DRAM commands. When the PCU is executing each set of four com- 
mands retrieved from DRAM the CPU can access PCU-bus registers. In the case that DRAM commands 
are being executed and the CPU resets the CmdSource to zero, the contents of the DRAM CmdFifo is 
invalidated and no further commands from the fifo are executed. The CmdPending and NextBandCmdEn- 
able work registers are also cleared. 

21.4 PAGE BANDING 

The PCU can be programmed to associate microcode in DRAM with each finishedband signal. When a 
finishedband signal is asserted the PCU will read commands from DRAM and execute these commands. 
These commands are each 64-bits (see Section 21 .8.5) and consist of 32-bit address bits and 32 data bits 
and allow PCU mapped registers to be programmed directly by the PCU. 

If more than one finishedband signal is received at the same time, or others are received while microcode 
is already executing, the PCU will hold the commands as pending, and will execute them at the first oppor- 
tunity. 

Each microcode program associated with cdu Jinishedband, Ibdjinishedband and tejinishedband would 
simply restart the appropriate unit with new addresses - a total of about 4 or 5 microcode instructions. As 
well, or alternatively, pcujinishedband can be used to set up all of the units and therefore involves many 
more instructions. This minimizes the time that a unit is idle in between bands. The pcu Jinishedband con- 
trol signal is issued once the specified combination of CDU, LBD and TE (programmed in BandSelect- 
Mask) have finished their processing for a band. 

21.5 Interrupts, address legality and security 

Interrupts are generated when the various page expansion units have finished a particular band of data 
from DRAM. The cdu Jinishedband, Ibdjinishedband and tejinishedband signals are combined in the 
PCU into a single interrupt pcu Jinishedband which is exported by the PCU to the interrupt controller. 

The PCU mapped registers should only be accessible from Supervisor Data Mode. The area of DRAM 
where PCU commands are stored should be a Supervisor Mode only DRAM area. Configuration register 
address legality is not enforced by the MMU i.e. the MMU does not check if the block address points to a 
valid PEP subsystem block. When the PCU is executing commands from CPU, any block-address decoded 
from a command which is not part of the PEP block-address map will cause the PCU to ignore the com- 
mand and strobe the pcu_invalid_address interrupt signal. The CPU can then interrogate the PCU to find 
the source of the illegal command. 

When the PCU is executing commands from DRAM, any address decoded from a command which is not 
part of the PEP address map will cause the PCU to: 

• Cease execution of current command and flush all remaining commands already retrieved from 
DRAM. 

• Clear CmdPending work-register. 

• Clear NextBandCmdEnable registers. 

Doc: SoPEC_hardware_design S3 Proprietary Document 

Version: 2.3 



29 Nov 2002 
Page 251 




SoPEC : Hardware Design 



• Set CmdSource to zero. 

In addition to cancelling all current and pending DRAM accesses the PCU strobes the 
pcujnvalidjaddress interrupt signal. The CPU can then interrogate the PCU to find the source of the ille- 
gal command. 



When the need to monitor the (possibly changing) value in any PEP configuration register the PCU may be 
placed in Debug Mode. This is done via the CPU setting certain Debug Address and Debug Enable regis- 
ters within the PCU. Once in Debug Mode the PCU continually performs read accesses of the target PEP 
conflgurarion register (following the protocol detailed in Section 21.8.2) and sends the read value to the 
RDU. Debug Mode has the lowest priority of all PCU functions: if the CPU wishes to perform an access or 
there are DRAM commands to be executed they will interrupt the Debug access, and the PCU will resume 
Debug access orice a CPU or DRAM command has completed. 



21.6 



Debug Mode 
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21 .7 Implementation 

21.7.1 Definitions of I/O 



Table 90. PCU Port List 





KHZ 


m. 




Clocks and Resets 


pclk 


1 


In 


SoPEC functional clock 


pret„n 


1 


In 


Active-low, synchronous reset In pclk domain 


End of Band Functionality 


cdu_flnlsriedband 


1 


In 


Finished band signal from COU 


Ibd.finlshedband 


1 


In 


Finished band signal from LBD 


to_finlshedband 


1 


In 


Finished band signal from TE 


pcu_finishedband 


1 


Out 


Asserted once the specified combination of CDU, 
LBD, and TE have finished their processing for a 
band. 


PCU address error j 


pcujcu_addressjnvaiid 


1 


Out 


Strobed if PCU decodes a non PEP address from commands 
retrieved from DRAM or CPU. 


CPU Subsystem Interface Signals | 


cpu_adr[15:2] 


14 


In 


CPU address bus. 14 bits are required to decode the address 
space for the PER 


cpu_dataout(31 :0] 


32 


In 


Shared write data bus from the CPU 


pcu_cpu_data[31 :0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common readMot-wrlte signal from the CPU j 


cpu_acode[1 :0J 


2 


In 


CPU Access Code signals. These decode as follows; 

00 - User program access 

01 - User data access 

10 - Supervisor program access 

1 1 - Supervisor data access 


cpu_pcu_sel 


1 


In 


Block select from the CPU. When cpu_pcu_sel Is high both 
cpv^adr and cpu^dataout are valid 


pcu_cpu_rdy 


1 


Out 


Ready signal to the CPU. When pcujcpu_tdy Is high it indicates 
the last cycle of the access. For a write cycle this means 
cpu^dataout has been registered by the block and for a read 
cycle this means the data on pcujcpu^data is valid. 


pcu_cpu_berr 


1 


Out 


Bus error signal to the CPU indicating an invafid access. 


pcu_cpu_debugL_valid 


1 


Out 


Debug Data valid on pcu_cpu„data bus. Active high. 


PCU Interface to PEP blocks 


pcu_adr(11:2) 


10 


Out 


PCU address bus. The 10 least significant bits of cpu^_adr(15:2] 
allow 1024 32-bit word addressable locations per PEP block. 
Only the number of bits required to decode the address space 
are exported to each block. 


pcu_dataout(31 :0] 


32 


Out 


Shared write data bus from the PCU 


<unit>_pcu_datain(31 :0] 


32 


In 


Read data bus from each PEP subblock to the PCU 


pcu_rwn 


1 


Out 


Common read/not-write signal from the PCU 
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Table 90. PCU Port List 









m. 




pcu_<unit>_sel 




1 


Out 


Block select for each PEP block from the PCU. 
Decoded from the 4 most significant bits of cpu_ad/{15:2]. 
When pcu_<unit>_sat is high both pcu_adr and pcu_dataout 
are valid 


<unit>_pcu_rdy 


1 


In 


Ready from each PEP block slgnaJ to the PCU. When 
<unit>_pcu_rdy Is high It indicates the last cycle of the access. 
For a write cycle this means pcu_dataout has been registered 
by the block and for a read cycle this means the data on 
<unit>_pcu_datain la valid. 


DIU Read Interface signals 


pcu_diu_rreq 


1 


Out 


PCU requests DRAM read. A read request must be accompa- 
nied by a valid read address. 


pcu_dlu_radr[21 :5] 




17 


Out 


Read address to DIU 

17 bits wide (256-btt aligned word). 


diu_pcu_rack 


1 


In 


Acknowledge from DIU that read request has been accepted 
and new read address can be placed on pcujdiujradr 


diiudata{63:0] 




64 


In 


Data from DIU to PCU. 
First 64-bits is bits 63:0 of 256 bit word 
Second 64-bits is bits 127:64 of 256 bit word 
Third 64-bits is bits 1 91 : 1 28 of 256 bit word 
Fourth 64-bits is bits 255:1 92 of 256 bit word 


diu_pcu_rvalid 


1 


In 


Signal from DIU telling PCU that valid read data is on the 
diujdata bus 
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21.7.2 Configuration Registers 



Table 91, PCU Configuration Registers 







mL 


m 




Control registers 


0x00 


Reset 


1 


0x1 


A write to this register causes a reset of the PCU. 
This register can be read to indicate the reset 
state: 

0 - reset in progress 

1 - reset not in progress 


0x04 


CmdAdrt21:5] 
(256-bit aligned DRAM 
address) 


17 


0x00 
000 


The address of the next set of commands to 
retrieve from DRAM. 

When this register is written to, either by the CPU 
or DRAM command, 1 is also written to Cmd- 
Source to cause the execution of the commands 
at the specified address. 


0x08 


BandSelectMask[2:0] 


a 


0x0 


Selects which input finlshedBand flags are to be 

watched to generate the combined finlshedAII- 

Band signal. 

BitO - lbd_fini shed band 

Bit1 - cdu_finishedband 

Bit2 - te Jinlshedband 


OxOC, 0x10. 
0x14, 0x18 


NextBandCmdAdit3:0][21 :51 
(250-blt aligned DRAM 
address) 


4x17 


0x00 
000 


The address to transfer to CmdAdr as soon as 
possible after the next finishedBand[n} signal has 
been received as long as NextBandCmdEnablefn} 
is set 

A write from the PCU to NextBandCmdAdrfn) with 
a non-zero value also sets NextBa ndCmdEna - 
btefn]. A write from the PCU to NextBandCm- 
dAdrfn} with a 0 value dears 
NextBandCmdEnable[n]. 


0x20 


CmdSource 


1 


0x0 


0 - commands are taken from the CPU 

1 - commands are taken from the CPU as well as 
DRAM at CmdAdr. 


0x24 


DebugSelect[15:2] 


14 


0x00 
00 


Debug address select Indicates the address of 
the register to report on the pcu^jcpujdata bus 
when it Is not otherwise being used, and the PEP 
bus is not being used 
Bits [15:12] select the unit (see Table 92) 
Bits [1 1 :2] select the register within the unit 


Work registers 


I (read only) 


0x28 


(nval»dAddress[21:3] 
(64-bit aligned DRAM 
address) 


19 


0 


Address of illegal 64-bit command in DRAM. 
Only valid when pcu_icu_ addres$_invaild h as 
been strobed. (64-bit aligned address) 


0x2C 


CmdPendlng 


4 


0 


For each bit 

0 - no commands pending tor NextBandCmd[n) 

1 - commands pending for NextBandCmdAdrfn} 
Read only register. 
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Table 91. PCU Configuration Registers 







H 




0x34 


Finished So Far 


3 


0x0 


The appropriate bit is set whenever the corre- 

finArtri!nr*r Inni tt finteKAi4Qonr4 flan 2a aa+ am #4 iKa 

opunuiny input JinisneuDana nag is smano me 
corresponding bit in the BandSeleclMask bit is . 
also set. 

If all RnlshedSoFar bits are set wherever Band- 
Select bits are also set, all RnlshedSoFar bits are 
cleared and the output finish edAHBand signal is 
given. 

Read only register. 


0x8 


NextBandCmdEnabfe 
; 


4 


0x0 


This register can be written to Indirectly (i.e. the 
bits are set or cleared via writes to NextBandCm- 

For each bit: 

0 - do nothing at the next flnishedBand[n] signal. 

1 - Execute instructions at NextBa ndCmdA drfn J 
as soon as possible after receipt of the next fln- 
ishedBandfn] signal. 

Bito - IbdJJnishedband 
Bit1 - cdujfnishedband 
Bit2 - tejinlshedband 
Bit 3 - RnishedAltBa nd 
Read only register. 



21,8 Detailed description 



21 .8.1 PEP Blocks Register Map 

All PEP accesses are 32-bit register accesses. 

From Table 92 it can be seen that four bits only are necessary to address each of the sub-blocks within the 
PEP part of SoPEC. Up to 14 bits may be used to address any configurable 32-bit register within PEP. This 
gives scope for 1024 configurable registers per sub-block. This address will come either from the CPU or 
from a command stored in DRAM. The bus is assembled as follows: 

• adr[l 5:12] = sub-block address 

• adr[n:2] - 32-bit register address within sub-block, only the number of bits required to decode the reg- 
isters within each sub-block are used. 



Table 92. PEP blocks Register Map 











PCU 


0x0 


CDU 


0x1 


CFU 


0x2 


LBD 


0x3 


SFU 


0x4 


TE 


0x5 


TFU 


0x6 


HCU 


0x7 


ONC 


0x8 
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Table 92. PEP blocks Register Map 











DWU 


0x9 


LLU 


OxA 


PHI 


OxB 


Reserved 


OxC to OxF 



21.8.2 Internal PCU PEP protocol 

The PCU performs PEP configuration register accesses via a select signal, pcu_<block> _?el. The read/ 
write sense of the access is communicated via the pcu_rwn signal (1 - read, 0 = write). Write data is 
clocked out, and read data clocked in upon receipt of the appropriate select-read/write-address combina- 
tion. 



< Write > «■ 



Read 



pclk_ 



-TLrun 



pcu_adr[l3:2] pep address 



PEP address 



pcu.rwn 
pcu_<bJock>_S€l 
<bfock>_pcu_rdy 



pcu_dataout[31 :0) fc^^ PEP data 
pcu_<block>_sel 



<bJock>_pcu_rdy 



<b.ock>_pc U _data[31:0] r^^\N^\\\\\\NX\Xv\N PEP data 



Figure 96. PCU accesses to PEP registers 

Figure 96 shows a write operation followed by a read operation. The read operation is shown with wait 
states while the PEP block returns the read data. 

For access to the PEP blocks a simple bus protocol is used The PCU first determines which particular PEP 
block is being addressed so that the appropriate block select signal can be generated. During a write access 
PCU write data is driven out with the address and block select signals in the first cycle of an access. The 
addressed PEP block responds by asserting its ready signal indicating that it has registered the write data 
and the access can complete. The write data bus is common to all PEP blocks. 

A read access is initiated by driving the address and select signals during the first cycle of an access. The 
addressed PEP block responds by placing the read data on its bus and asserting its ready signal to indicate 
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to the PCU that the read data is valid. Each block has a separate point-to-point data bus for read accesses to 
avoid the need for a tri-stateable bus. 

21.8.3 PCU DRAM access requirements 

The PCU can execute register programming commands stored in DRAM. These commands can be exe- 
cuted at the start of a print run to initialize all the registers of PEP. The PCU can also execute instructions 
at the start of a page, and between bands. In the inter-band time, it is critical to have the PCU operate as 
fast as possible. Therefore in the inter-page and inter-band time the PCU needs to get low latency access to 
DRAM. 

A typical band change requires on the order of 4 commands to restart each of the CDU, LBD, and TE, fol- 
lowed by a single command to terminate the DRAM command stream. This is on the order of 5 commands 
per restart component. 

The PCU does single 256 bit reads from DRAM. Each PCU command is 64 bits so each 256 bit DRAM 
read can contain 4 PCU commands. The requested command is read from DRAM together with the next 3 
contiguous 64-bits which are cached to avoid unnecessary DRAM reads. Writing zero to CmdSource 
causes the PCU to flush commands and terminate program access from DRAM for that command stream. 
The PCU requires a 256-bit buffer to the 4 PCU commands read by each 256-bit DRAM access. When the 
buffer is empty the PCU can request DRAM access again. Adding a 256-bit double buffer would allow the 
next set of 4 commands to be fetched from DRAM while the current commands are being executed. 

1024 commands of 64 bits requires 8 kB of DRAM storage. 

Programs stored in DRAM are referred to as PCU Program Code. 

21.8.4 End of band unit 

The state machine is responsible for watching the various input xxjinishedband signals, setting the Fin- 
ishedSoFar flags, and outputting 1htftnished_jill_band flags as specified by the BandSelect register. 

Each cycle, the end of band unit performs the following tasks: 

f inishedAUBand = (FinishedSoFar [0] « BandSelectMask[0] ) AND 

(FinishedSoFar [1) »» BandSelectMask( 1] ) AND 
(FinishedSoFar [2) « BandSelectMas)c[2 ] ) AND 

(BandSelectMasMO] OR BandSelectMaskf 1] OR Bands ©loctMa ok [2 J ) 
if (f inishedAUBand == 1) then 

FinishedSoFar [0] e* 0 

FinishedSoFar t 1 1 = 0 

FinishodSoFar (2 J = 0 
else 

FinishedSoFar [0 J « FinishedSoFar [0 J OR (lbd\_f inishedband AND BandSelectMasMO] ) 
FinishedSoFar tl) o PinishedSoFar tlj OR <cdu_f inishedband AND BandSelectMask(l J ) 
FinishedSoFar [2) « FinishedSoFar [2 J OR <te_£ inishedband AND BandSelectMask(2] ) 

Note that it is the responsibility of the microcode at the start of printing a page to ensure that all 3 Fin- 
ishedSoFar bits are cleared It is not necessary to clear them between bands since this happens automati- 
cally. 
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21.8.5 Executing commands from DRAM 

Registers in PEP can be programmed by means of simple 64-bit commands fetched from DRAM. The for- 
mat of the commands is given in Table 93. Register locations can have a data value of up to 32 bits. Com- 
mands are PEP register write commands only. 



Table 93. Register write commands In PEP 











Register write 


data 


zero 


32-blt word 
address 


zero 



Due attention must be paid to the endianness of the processor. The LEON processor is a big-endian pro- 
cessor (bit 7 is the most significant bit). 

21.8.6 General Operation 

Upon a Reset condition, CmdSource is cleared (to 0) f which means that all commands are initially sourced 
only from the CPU bus interface. Registers and can then be written to or read from one location at a time 
via the CPU bus interface.. 

If CmdSource is 1 , commands are sourced from the DRAM at CmdAdr or from the CPU bus. Writing an 
address to CmdAdr automatically sets CmdSource to 1, and causes a command stream to be retrieved from 
DRAM. The PCU will execute commands from the CPU or from the DRAM command stream, giving 
higher priority to the CPU always. 

Regardless of the state of CmdSource the DRAM requestor is examines the CmdPending bits to determine 
if a new DRAM command stream is pending. If any of CmdPending bits are set, then the appropriate Next- 
BandCmdAdr is copied to CmdAdr (causing CmdSource to get set to 1) and a new command DRAM 
stream is retrieved from DRAM and executed by the PCU. Note that a new DRAM command stream only 
gets retrieved when the current command stream is empty. 

If there are no DRAM commands pending, and no CPU commands the PCU defaults to an idle state. 
When idle the PCU address bus defaults to the DebugSelect register value (bits 1 1 to 2 in particular) and 
the default unit PCU data bus is reflected to the CPU data bus. The default unit is determined by the 
DebugSelect register bits 15 to 12. 

In conjunction with this, upon receipt of zfinishedBandfnJ signal, NextBandCmdEnablefnJ is copied to 
CmdPendingfn] and NextBandCmdEnablefnJ is cleared. Note, each of the LBD, CDU, and TE (where 
present) may be re-programmed individually between bands by appropriately setting NextBandCmdAdrfl- 
0] respectively. However, execution of inter-band commands may be postponed until all blocks specified 
in the BandSeleciMask register have pulsed their finis hedband signal. This may be accomplished by only 
setting NextBandCmdAdr[3] (indirectly causing NextBandCmdEnable[3] to be set) in which case it is the 
finishedAllBand signal which causes NextBandCmdEnable[3] to be copied to CmdPending [3] . 

To conveniently update multiple registers, for example at the start of printing a page, a series of Write Reg- 
ister commands can be stored in DRAM. When the start address of the first Write Register command is 
written to the CmdAdr register (via the CPU), the CmdSource register is automatically set to 1 to actually 
stan the execution at CmdAdr. 

The final instruction in the command block stored in DRAM must be a register write of 0 to CmdSource so 
that no more commands are read from DRAM. Subsequent commands will come from pending programs 
or can be sent via the CPU bus interface. 
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21.8.6.1 Debug Mode 



Debug mode is implemented by reusing the normal CPU and DRAM access decode logic. When in the 
Arbitrate state (see state machine A below), the PEP address bus is defaulted to the value in the DebugSe- 
lect register. The top bits of the DebugSelect register are used to decode a select to a PEP unit and the 
remaining bits are reflected on the PEP address bus. The selected units read data bus is reflected on the 
pcujcpujdata bus to the- RDU in the CPU. The pcujcpujdebugjvatid signal indicates to the RDU that the 
data on the pcujzpuJLata bus is valid debug data. The pcujcpu_debug_valid is a repeated version of the 
selected units ready signal <unit>_pcujrdy. 

Normal CPU and DRAM command access will require the PEP bus, and as such will cause the debug data 
to be invalid during the access, this is indicated to the RDU by setting pcujcpujdebug_valid to zero. 

The decode logic is : 

// Default Debug decode 

pcu_<unit>_sel « decode (DebugSelect [15 : 12] ) 

pcu.adr [11 :2] » DebugSelect [11 : 2) 

pcu_cpu_data = <unlt>_pcu_datain [31 : 0] 

pcu_cpu_debug_val id ■ <unit>_pcu_rdy AND state se Arbitrate 



DRAM command fetching and general command execution is accomplished using two state machines. 
State machine A evaluates whether a CPU or DRAM command is being executed, and proceeds to execute 
the command(s). Since the CPU has priority over the DRAM it is permitted to interrupt the execution of a 
stream of DRAM commands. 

Machine B decides which address should be used for DRAM access, fetches commands from DRAM and 
fills a command fifo which A executes. The reason for separating the two functions is to facilitate the exe- 
cution of CPU or Debug commands while state machine B is performing DRAM reads and filling the 
command fifo. In the case where state machine A is ready to execute commands (in its Arbitrate state) and 
it sees both a full DRAM command fifo and an active cpu _j?cu_sel then the DRAM commands are exe- 
cuted. 



21.8.7 



State Machines 
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| 21.8.7.1 State Machine A: Arbitration and execution of commands 

State Machine A 

pcu aoftrreei n«"»QOnprst n = Q 




pcu_cpu_rcy - 1 

pcu.cpu.dala - «amit>_pcu_daw 



- ^PRAMAccess ) ( cpuAccess ) 



and aouBetoiAMO. 
cmd fifoCcmfl cpurufrrflESERYED 
NexlBandCmdAdrt3:0l -0 
cmdJHbJuW) 
cmd_fito"0 
cmd_*Ourc»«0 



C 



AdrError 




ecu nrtr*-RESERVED 



pcujcujnvafid..adtf*as-1 



Figure 97. Command Arbitration and execution 

The state-machine enters the Reset state when there is an active strobe on either the reset pin t prst_n, or the 
PCLTs soft-reset register. All registers in the PCU are zeroed, unless otherwise specified, on the next rising 
clock edge. The PCU self-de asserts the soft reset in the pclk cycle after it has been asserted. 

The state changes from Reset to Arbitrate when prst_n = 1 and PCUjsoftreset — I. 

The state-machine waits in the Arbitrate state unril it detects a request for CPU access to the PEP units 
(cpu _pcu_sel — 1 and cpu_acode = 11) or a request to execute DRAM commands CmdSource ■=* 1 , and 
DRAM commands are available, CmdFifoFull^X. Note if (cpu_pcu_sel = 1 and cpu_acode != 11) the 
CPU is attempting an illegal access. The PCU ignores this command and strobes the cpu_pcu_berr for one 
cycle. 

While in the Arbitrate state the machine assigns the DebugSelect register to the PCU unit decode logic and 
the remaining bits to the PEP address bus. When in this state the debug data returned from the selected 
PEP unit is reflected on the CPU bus (pcu_cpu_data bus) and the pcu_cpu_debug_valid*=\. 

If a CPU access request is detected (cpu_pcu_sel = 1 and cpu_acode =11) then the machine proceeds 
to the CpuAccess state. In the CpuAccess state the cpu address is decoded and used to determine the PEP 
unit to select. The remaining address bits are passed through to the PEP address bus. The machine remains 
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in the CpuAccess state until a valid ready from the selected PEP unit is received When received the 
machine returns to the arbitrate state, and the ready signal to the CPU is pulsed 
// decode the logic 

pcu_<unit>_sel » decode (cpu_adr [15 : 12) ) 
pcu_«dr(ll:2 J 6 cpu w adr lll:2J 

If when decoding the cpu_adr bus, the address selects a reserved address, the state machine proceeds to 
the AdrError state, and then back to the Arbitrate state. An address error interrupt will be generated 

If the state machine detects a request to execute DRAM commands {CmdSource = 1), it will wait in the 
Arbitrate state until commands have been loaded into the command FIFO from DRAM (all controlled by 
state machine B). When the DRAM commands are available (cmdji/ojull = 1) the state machine will 
proceed to the DRAMAccess state. 

When in the DRAMAccess state the commands are executed from the cmdjifo. A command in the 
cmdjifo consists of 64-bits (or which the FIFO holds 4). The decoding of the 64-bits to commands is 
given in Table 93. For each command the decode is 
// DRAM command decode 

pcu_<unit>_sei = decode ( cmd_ £ifo{cmd_count] ( 15 ? 12] ) 
pcu_adr[U:2] • cmd_f ifo(cmd_count] ( 11 : 2] 
pcu_dataout = cmd_f if o(cmd_count] (63 ; 32 ] 

When the selected PEP unit returns a ready signal (<unit>_pcu_rdy=\) indicating the command has 
completed, the state machine will return to the Arbitrate state. If more commands exists (cmdjcount 1=0) 
the transition will decrement the command count. 

When in the DRAMAccess state, if when decoding the DRAM command address bus 
(cmdJifo[cmd_countJ[l5:12]) t the address selects a reserved address, the state machine proceeds to the 
AdrError state, and then back to the Arbitrate state. An address error interrupt will be generated and the 
DRAM cornrnand FIFOs will be cleared 

A CPU access can pre-empt any pending DRAM commands. After each command is completed the state 
machine returns to the Arbitrate state. If a CPU and DRAM command are pending the CPU command 
always takes priority. If a CPU or DRAM command sets the CmdSource to 0, all subsequent DRAM com- 
mands in the command FIFO are cleared If the CPU sets the CmdSource to 0 the CmdPending and Next- 
BandCmdEnable work registers are also cleared. 
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21.8.7.2 State Machine B: Fetching DRAM commands 



State Machine B 



(Reset) 



c 



Walt 



' source— O AND cmd flfo h*U-*Ti 



AND cmd tending 1=0 
cmd_source • 1 
pcu_dhj_fT9Q» 1 

cmd_adf- N«tBandCmdAdr(pencBng] 
pcu_diu_radr-cmd_arfr 



C 



> 



cmrt Bouicft—I AND cmd fifh f.ril— fi 

pcu_ahj_rreq-l 

pcu_dRj./a*-cmd_Bdr 



FIIIFtfo 



3 



flu pcu .ryalrfl— 1 

cmd_ltfo(01-diu_<Jaia 



^ Datal J ) 



Data2 ^ ) 



Q Data3 J. 



dhi pcu DflttfaaJ 
cmdJita(3)«dhj_<Jat 
cnKj_fl!o_hjU-1 
cmd.counl • 3 



Figure 98. DRAM command access state machine 



A system reset (prst_n=0) or a software reset (pcuj5oftreset_n=0) will cause the state machine to reset 
to the Reset state. The state machine remains in the Reset until both reset conditions are removed. When 
removed the machine proceeds to the Wait state. 

The state machine waits in the Wait state until it determines that commands are needed from DRAM. Two 
possible conditions exist that require DRAM access. Either the PCU is processing commands which must 
be fetched from DRAM (cmd_jsource= 1 ), and the command FIFO is empty (cmd Jifo _JulI°*=0) t or the 
command FIFO is empty and there are some commands pending (cmd ^pending !=0). In either of these 
conditions the machine proceeds to the FillFifo state and issues a read request to DRAM 
(pcu_diujrreq=*X) t it calculates the address to read from dependent on the transition condition. In the 
command pending transition condition, the highest priority NextBandCmdAdr that is pending is used for 
the read address (pcu_diu_radr) and is also copied to the CmdAdr register. In the normal PCU processing 
transition the pcu_diu_radr is the CmdAdr register. 
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In the FillFifo state the machine wait for the DRAM to respond to the read request and transfer data words. 
On receipt of the first word of data diu_pcujrvalid=\ J the machine stores the 64-bit data word in the 
command FIFO (cmdJifo[0J) and transitions to the Data!, Data2, Data3 states each time waiting for a 
diu_j?cu_rvalid=l and storing the transferred data word to cmdJifofJJ, cmd J\fo[2] and cmdjifop] 
respectively. 

When the transfer is complete the machine returns to the Wait state, setting the cmdjzount to 3 and the 
cmdjifojull—l. 

21.8.7.3 PCUJCU_AddressJnvalid interrupt 

When the PCU is executing commands, addresses decoded from commands which are not PCU mapped 
addresses (4-bits only) will result in the current command being ignored and the pcu_invalid_address 
interrupt signal is strobed. If this command is from DRAM all remaining commands already retrieved 
from DRAM are flushed from the CmdFifo, CmdPending, NextBandCmdEnable and CmdSource are 
cleared to zero.) These registers are uneffected if the command is from the CPU. The CPU can then inter- 
rogate the PCU to find the source of the illegal command via the InvalidAddress register. 
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22 Contone Decoder Unit (CDU) 



22.1 Overview 

The Contone Decoder Unit (CDU) is responsible for performing the optional decompression of the con- 
tone data layer. 

The input to the CDU is up to 4 planes of compressed contone data in JPEG interleaved format. This will 
typically be 3 planes, representing a CMY contone image, or 4 planes representing a CMYK contone 
image. The CDU must support a page of A4 length (1 1 .7 inches) and Letter width (8.5 inches) at a resolu- 
tion of 267 ppi in 4 colors and a print speed of 1 side per 2 seconds. 

The CDU and the other page expansion units support the notion of page banding. A compressed page is 
divided into one or more bands, with a number of bands stored in memory. As a band of the page is con- 
sumed for printing a new band can be downloaded. The new band may be for the current page or the next 
page. Band-finish interrupts have been provided to notify the CPU of free buffer space. 

The compressed contone data is read from the on-chip DRAM. The output of the CDU is the decom- 
pressed contone data, separated into planes. The decompressed contone image is written to a circular 
buffer in DRAM with an expected minimum size of 12 lines and a configurable maximum. The decom- 
pressed contone image is subsequently read a line at a time by the CFU, optionally color converted, scaled 
up to 1600 ppi and then passed on to the HCU for the next stage in the printing pipeline. The CDU also 
outputs a cdujinishedband control flag indicating that the CDU has finished reading a band of com- 
pressed contone data in DRAM and that area of DRAM is now free. This flag is used by the PCU and is 
available as an interrupt to the CPU. 

22.2 Storage requirements for decompressed contone data in DRAM 

A single SoPEC must support a" page of A4 length (11. 7 inches) and Letter width (8.5 inches) at a resolu- 
tion of 267 ppi in 4 colors and a print speed of 1 side per 2 seconds. The printheads specified in the Bi- 
lithic Printhead Specification [2] have 13824 nozzles per color to provide full bleed printing for A4 and 
Letter. At 267 ppi, there are 2304 contone pixels 1 per line represented by 288 JPEG blocks per color. How- ' 
ever each of these blocks actually stores data for 8 lines, since a single JPEG block is 8 x 8 pixels. The 
CDU produces contone data for 8 lines in parallel, while the HCU processes data linearly across a line on 
a line by line basis. The contone data is decoded only once and then buffered in DRAM. This means we 
require two sets of 8 buffer-lines - one set of 8 buffer lines is being consumed by the CFU while the other 
set of 8 buffer lines is being generated by the CDU. 

The buffer requirement can be reduced by using a 1.5 buffering scheme, where the CDU fills 8 lines while 
the CFU consumes 4 lines. The buffer space required is a minimum of 1 2 line stores per color, for a total 
space of 108 KBytes 2 . A circular buffer scheme is employed whereby the CDU may only begin to write a 
line of JPEG blocks (equals 8 lines of contone data) when there are 8-lines free in the buffer. Once the full 
8 lines have been written by the CDU, the CFU may now begin to read them on a line by line basis. 

This reduction in buffering comes with the cost of an increased peak bandwidth requirement for the CDU 
write access to DRAM. The CDU must be able to write the decompressed contone at twice the rate at 
which the CFU reads the data. To allow for trade-offs to be made between peak bandwidth and amount of 
storage, the size of the circular buffer is configurable. For example, if the circular buffer is configured to be 
16 lines it behaves like a double-buffer scheme where the peak bandwidth requirements of the CDU and 



1. Pixels may be 8, 16, 24 or 32 bits depending on the number of color planes (8-bits per color) 

2. 12 lines x 4 colors x 2304 bytes (assumes 267 ppi. 4 color, full bleed A4/Letter) 
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CFU are equal. An increase over 16 lines allows the CDU to write ahead of th^rriT. a ■ . 

margm to cope with very poor local compression ratios in EagI ° FU * Bd ""^ " Wth a 

^^otl^St Si d A eL Printing r d Printin8 31 reSOlutions 267 ppi. This 

the storage r^i^Zr^^Z^^T ** ^ fa DRAM " ™ e94 
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SuI^^I!^ contone data < buffer ) 
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6 
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b. Bi-lithic prin .head has , 3824 nozzles per color providing foil Weed priming for A4/Lc«er 

c. B.uduc printhead has 19488 nozzle, per color providing fij, bIeed printing fofA3 

d. t2 lines x 4 colors x 2304 bytes. 

Decompression performance requirements 

^^S^. 0 ^^^^^^ ^ (pclk) cycle, making it capa- 

tem clock cycle to achieve ^rint^d of ^7 f ° PEC f 00 ^ 1 dot ^- level * 6 colors) per sys- 
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The 1.5 buffermgsch™ ^SZ^Z^z't^ ^ SF X SF 

twice this rate. With support trTcol^JlS'LTX ** CDU mUSt Write * e « 

1.78 bits/cycle 1 . 6 PP,> * e Compression output bandwidth requirement is 

The JPEG decoder is fed directly from the main memory via the nu a m i„»~F ^ 
pression determines the input bandwidth requwmSSfer&l C^I i IV^ T fT' ^ 810011111 ° f com - 
the bandwidth decreases, but the quality ofXS ^ . . ° VCl of com P«ssion increases, 
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at 1 side per 2 seconds. ^ "* * COIOrS at 267 W> «"« Me* A4/Letter printing 

Table 95 gives the decompression output bandwidth reouirpm^c .••«• . . 

to meet a print speed of 1 side per 2 seconT wlh^^lTl ? ** wnt resoluti <> ns of contone data 

age for decomposed contone £2!^ "W* bandwid * *> d l«ger stor- 
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£^£3ES^-^ » 8 '-ting factor being the 



side per 2 seconds. 




a. Assumes 4 color pixel contone data and a 12 line buffer. 

b. Scale factor 2 requires at least a 16 line buffer. 



22.4 Dataflow 



line buffer n sub^uaayW^Zcn) ^ ,2 "'™ e """"" b '" r " in DR AM- ™e 



I «DRAM 
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<~ x ~z <— 1 
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compressed 
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planea 



C decompressed contone 1 
, J',ne store buffer 
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Contone 
Fife Unit 
(reads fines) 



Figure 99. Outline of contone data flow with respect to CDU 
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multi-SoPEC printing with exact colon. repreSent * old - green etc. for 

contain luminance informanon Tand so^l^e C ° n f ldercd to ^ Wnance. but C, M. and Y eTh 
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contone store by the CDU. This is read oy A« -CF^Se^ vSf * *' dec °«Wessed 
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1. (4 colon x 8 bits) / (2 x 2 cycles) - 8 bits/cycle 
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The external RIP provides conversion from ROR t n vr^u „ . £ „ 
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22.5 Implementation 

A block diagram of the CDU is shown in Figure 100. 



S3 




PEP Controller Unft 



Contono Rfo Unit 



Figure 100. Block diagram of CDU 
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The read control unit is responsible for keeoinc the n>pr a~ a . 

pressed contone bytestream from external SKIS ^xZ dU^ ZJ^ ™° ™ by readin S ^ 
The write control unit accepts the output fi^he^EG n ^^i^^dband signal, 

wntes it into a double-buffer, and writes the double SjS^ ^ f JPEG Wock (32 b *"0 * " time. 
DIU. interacting with the dv in orde "o^ D^^^^ haJf b,ocks * DRAM via the 



22.5.1 Definitions of I/O 



J** 1 **^™*™" list and description 




jclk^enabfe 



prst_n 



PCU Interface 
pcu_cdu_sel 



pcu_rwn 



pcu_adr[7:2J 



cdu_pcu_rdy 



cdu_pcu_data{31 :0J 



DIU read Interface 



cdu_diu_radr(21:S] 



diu_cdu_rvalid 
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Gated version of system dock used to dock the jPPn h^./ 



Gating signal fbrjcfk. 



In 
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32 



In 



In 



In 



Out 



pco^adr&nd pcu^dataout are valid. 



Shared write data bus from the PCU. 



S27; B ^ ""ST ^^^hlghitindicates 

^<ST» h k accBSS - « write cycle this means 
pcu_dataout has been registered by the block and ter „ ra „^ 
.cyde mis means the data on cW^fe tot va"^ * ^ 
Read data bus to the PCU. 



Out 



17 



In 



In 



64 



r^u a ^h °L ° m ° IU> 8CtiVa hi ° h - «"*■«•• «W a real 

request has been accepted and the new read address can h« 
Placed on the address bus, cdu diu radr ** 



nowon the read data 



* cUv ? High. Indicates that valid read data is ' 
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Table 96. CPU port llsl and descrlptl, 



J3 



on 




cdu_diu_wvalid 



cdu_diu_data[63:0] 



CFU Interface 



Out 



Out 



CPU write addre ss. T9 bits wide (C^bit Sgned^^ 

\A/rl* A _ ItJ ... — 



Write data vauo. active high. Indicates that valid data is now on 
the write data bus. cdu_aiu_data. 



Write data bus. 



cfu_cdu_rdadvffne 



cdu_cfu_wradv8Jlne 



TE and LBD Interface 



In 



Out 



Read ime pulse, active high. Indicates that the CFU has finish** 
reading a line of decompressed ccntone data to*e 52? 
buffer In DRAM and that fine of tha buffer is now free 



222 2? *«>ve high. Indicates that the COU has fin. 
Ished writing to 8 lines of decompressed contone data jo *2n r 
cular buffer in ORAM and thTZ is mJEX££ 



cdu_starU>f_bandstore[21 ;5J 



cdu_end_of_bandstore[21 :5) 
ICU Interface 



17 



17 



Out 



Out 



Points to tne 256-blt word that defines the start of the memorv 
area allocated far page bands. memory 



PWnts to the 256-bit word that defines the last address of the 
memory area allocated for page bands. 



cdu_finishedband 



cdujcujpegerror 



Out 



Out 



?n«^Z,1? flCtive n ^ n ' to the CPU to " 

a \ the CDU has fini8hed Processing a band of com- 

Kit ^ in . 0RAM and of ORAM isnow 

fre^This signal goes to both the interrupt controiler and the 



J£E de^*™* ^ ,Catin ° *" error has °~u«ed in the 
EJESu f r0CeS f 8nd decom P^ssion has stopped. A 
reset of the CDU must be performed to clear thi* interrupt 
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22.5.2 



Configuration registers 

CDU. Note am since iesee i» SoPK^SeJS. P?,?*? 8 ""' -"*« - "» 

and writes, the W 2 bit, of *e PCU JZtZS^Si ■ !SV °f y S " PI *" ,S 32 ■ |,i, ">* 

lSi? the CPU> LBD ' and TC 




0xS4 



EndOfBandStore 



17 0x1_FFFF 



The CDU contains the following additional registers: 
Table 98. COU registers 



mt™~ 5 ?" b,t ^ defin * s of the 

memory area allocated tor page bands. 

Circular address generation wraps to this start 
address. 



Wnta to the Jibe-bit word that defines the last 

*^ ss of * a memory area allocated for page 

nstead I of adding 1 to the current address, the cur- 

z:*Zzr * toaded frem - s^"* 




0x00 
0x04 


Reset 


1 


0x1 


A wrtte to this register causes a reset of the CDU 

TOs terminates ad internai operations within the * 
CS61 50. All configuration data previously loaded Into 
the core except tor the tables (s deleted 




Go 


1 


0x0 


£™^V° regiSter s**^ C OU. Writing 0 to " 
this register halts the CDU. 

When Go is deasserted the state-machines go to 

figuration registers keep their values (i.e. they dor* 
assert NoxtBandEn *>* is ciearei when^o H 


Setup registers 








must be started before the CDU Is started. 

mnn^M 6 ' ^ read to **»«nine If the CDU 
running {i - running, 0 - stopped) 


0x10 


MaxPlane " 


2 


0x0 


Defines the number of contone planes - 1 
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Table 9S. CDU registers 



0x1 C . BuffEndAdr 



MaxBIock 



13 



15 



0x20 



NumBuffUnes 



0x24 



BypassJpg 



0x30 



NextBandCurr- 
SourceAdr 



0x000 



0x0000 



i.e. 8xa bytes) in a line - 1. 



15 0x0000 



OxOC 



XcteJ ^ 10 a ha " JPEG bfock 

A half JPEG block consists of 4 words of 256-blts 
enough to hold 32 contone j 



a JPEG block. 



> in 4 colors, i.e. half 



TOrus to the start of the last half JPEG Nock at the 

mam « de ^ >mpressed ^tone circular buffer in 
DRAM aligned to a haif JPEG block boundary 
A half JPEG block consists of 4 words of 256-bfts 

aJPEG WoT 32 ° 0nt0n ° P,Xe<S ,n 4 ^ 1 6 « 



0x0 



17 0x0^0000 



0x34 



NextBandEnd- 
SourceAdr 



NextBandVafid- 
BytesUstFetch 



NextBandEnaWe 



Read-only registers 



19 



0x0_0000 



Defines size of buffer in ORAM In terms of the 

mTJ^ °' K^f r ° S3ed contone Une *- The size of 
rnum size of 8 lines. 



n^^T"?!* 6 ' ° r "°* *• JPEG ^coder will be " 

HZ SSS hence p,xels are ^ direct » fr - 

0 - don't bypass. 1 - bypass 
Should not be changed between bands. 



I?, 8 h 256 "^ i l a " 8 " ed word adores8 containing the start' 
DrSi °' C0mprB3S8d «"tone data In 

TWs value Is copied to CvrrSourceAdr»h en both 

V and ■> 1. or when 

Go transitions from 0 to 1 



0x00 



^f 4 * ""O"^ «*f ess containln 0 the last ' 
bytesof the next band of compressed contone data in 

tarn ^i S " P,e f to ^So^tf^en when 
both DoneBandm 1 and NextBandEnaUels 1. or 
when Go transitions from 0 to 1 



0x0 



a 1 S each bit position that repre-" 

S^,?, 10 the last 64 " bN feteh o't"e next 

nana ot compressed contone data from DRAM 

both DoneBand* 1 and NudBandEnabte Is 1. or 
when Go transitions from 0 to 1 . 



When WaxtBandEnatVeis 1 and OoneSand Is 1 then 

-A/art8andCorrSou«»^d/- ls copied to Curr- 
SourceAdr. 

■Nexmand£ndSourceAdri B copied to &WSoi/rca4dr 

-DoneBandis cleared, 

-NwctBandEnabte ia cleared. 

NextBandEnabte is cleared when Go Is ass «rt»H 
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Tabte 98. CDU registers 



J3 



0x40 



0x44 



0x46 



DoneBand 



CurrSourceAdr 



0x0 



JPEO decoder 



ValidBytesLast- 
Fetch 



0x50 



core setup registers 



0x0_0000 



0x00 



fJtlT,**^**™ 0 ' not me « band has flrv 

l e ^t n ° ,R !° the ,oca ' F,Fa ft * *<»reu to 0 
when Go transittons from 0 to 1 

When the last of the compressed contone data for the 
band ha 8 b een loaded into the local FIFO, the 

% U ~^TT* 9naS is 9fven «* ^e 
uoneBand flag is set 

LISf f"!o e 18 1 * ,h ' 9 flma 

St.-S.i!? ^, 8 values tor *• "ext band and 

C D A ^T' £ « a< * * 0 **" 0,8 of the 

CDU wfl conhnue to run. decompress*,, the data 

S^ 8 1* the resd contro. 2H2 1 
NextBandEnabk, to be set before rt restart,. 



a "e ned wo address containing the last 

Mask contalnino s 1 1n each oft position that reere-" 
senu, a valid byte ,„ me (ast ^Z%nt 
band of compressed contone data from DRAMifTJ 
to*er 3 bytes are vaW. then me loZ 3 Wo^L« 



JpgDecMask 



JpgDecTType 



JpgDecTestEn 



JpgOecPType 



As segments are decoded they can a/so be output on " 

DecJpg port with the uwrsSng 

*e segments for output by setting bits in the IpoDec? 
Mask port as foJIows: JPODec 
4 SOF+SOS+DNL 
3 COM+APP 
2DRI 
1 DQT 
0 DHT 

mafkers ; ro a,so **** to me 



Test type selector ~ 

1 - QDCT coefflctent displayed on JpgDxTdata 

fa£t~ 080888 9,8 ™™"03 to be bypassed" 
tor test purposes. /K w 



Signal specifying parameters to be pieced on oort 
JpgDocPValue (SeeTabie 99). ^ 



JpgDecHdr 



Oxoo 



Selected header segments from the JPEG stream 
1^2 beln ° deCOded ' S «~ -^ed 
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Table 98. COU registers 




0x68 



0x6C 



0x0000 



JpgDecPValue 



JpgOecStatus 



16 



22 



0x0000 



put byte of the first 8x8 block of the test data. 

, "i" 1 ° f CS1 ,ndlcatea out- 
put byte of each 8x8 block of test data 

11 -O - 1 1 -bit output test data port - displays OCT 

coefficients or quantized coefficients depend™ on 

value of JpgDecTType. U 



Ox00_0000 



Decoding parameter bus which enables various 
parameters used by the core to be read. The data 

Z h2? °" th9 PVa,UG POft 18 tor intonation only, 
a*d does not contain control sirjnals for the decoder 



22.5.3 



* t2 * -/P^co^_ste//(Ffset, indicates that the JPEG 

t£^"J* mng ° f |dk 08 *° output JPEG 
halfttock double-buffers of the COU are full) 

Z%E^^ Ud Crhi8 8iBna ' 18 *" ou *« fr °™ 
to h i COfe and 13 asserted when a pixel 

Is being output w 

Bits 19-16 - m^contents (FIFO at input of JPEG 
decoder core) 

c^i 1 t°/ are t PEQ deooder 9,a,us from the 

CS8150 (see Table 100 fo r description of bite). 



Typical operation 

The CDU should only be started after the CFU has been started 

Users then set the CDU's Co ^'^r^XTf^^. BuM ^ h ^ » nd N ^uf- 
for the band has finished being read in tiZSfiSTS??? ^ When the C0 «Wed contone dak 
indicate that me mem<Hy JoSd^ffiiTS "* * PCU «* C ™ 

band of contone data. 0 tree * Pr °oessmg can now start on the next 

for restarting the CDU between bandt: % 8 * 1 ! ° There are 4 mechanisms 

a. cdujinishedband causes an interrupt to the CPU The r nr i „wi i v 
CPU reprograms the ^o^S^i^LS^ ltS f°^^°''t- The 

^WercA register* ^ N ^^^ 0 ^^^^ N ^^ 

rent band. At the end of the SSdTtSS^^ bef ° re *• end of «*" 
already 1 , the CDU starts * "~*^<« - 

BandValidBytesLastFetch retisterc ^A^Z^kt ^ , ourceAdr "»<• 

the next ban^d The ad^gSEchel^ 

advance and store the band commands in iSX^^SSST" ^ * 
d.This is a combination of© and c above Thppnr^»u *u 
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22.5.4 Read control unit 



™-ythe^ 

gram the CDU's next band shadow registers SSSiSSS P '°- 

L*e7Xl£^ 

ing agaut An fcirfShlS * , mTS»U JjZST^^^'^^"^ *^ 
^™aWawLtoits^^^ CDU — * 



^d"^ F^O^^^^ - - f-N ^ to the JPEG 

receiving the data from the DIuTv^lock C vH,wL t? &<>m , DRAM fa sin « ,e 256 - bit accesses, 
accesses to DRAM is dJ£2iSj£ 3 9 To n iat ^ Pr0tOC0, » d ^ for rea < 

by means of the state machine described m Figuie iOL aCCeMeS * DRAM im P le ™«ted 

s^rr^fm^ . a.1 counters and nags 

itwhemertoanempttoread^^ 

does nothing. When DoneBandis clear the lT^L • " DoneBand * set, the state machine 
up to 256-bits at a time wwTSSS J^S^T^SS J? T *" *** FIF ° 
knowledge about numbers of blocks or naSoSSS—^ Note 1 , that state m «=Wne has no 
by consecutive reads from DRAM The Su iTr™^ ' mere, y kee P s the "EO input FIFO full 
atieastatmepeakDRAM^bJwS 

mc«d ZT^-r^zs -r^zY^ * a 256 - bit read — » - 

*u+ jnrt* being ass^* 1 ToLtS" t^U ""T* ^ * 
end_ofjbandstore: compared to both end_source_adr and 

' ^T^g^^^^ -tro, signal sent to the 

is set. The remaining 64-bit ^Z ^^ &t ^fnu^^ the Dc*eWbit 

the FIFO. . '««'ntnc burst from the DIU are ignored, i.e. they are not written into 

' ^J^l2t^J^Z^^f^ *~ « then 
whether «rr f0 un:J P «fr ^ZSZdTf/~A <? £ " + «. depending on 

FIFO is 0. qMlS end ~°f- ba ^ore. The end_of_band control signal sent to the 

curr_, s <>ttn : «_a</r is output to the DIU as C< /M_rfm_Aad>: 

A count is kept of the number of 64-bit values in the FIFO w»,«. ^ ,■ J • , 

dm from a. FIFO. No« l! £ SS^Sff*-? Wta * " ~* * 
deco<Ier is nbl sailed (Ipgan-at, ~L m ™fl » J* MM*)* doublejaifler. while the JPEG 

- , n ° - — ^ -p* ct*s5SAK3.;t ^rr z t 



Paao P7R 



m 
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BaMtoaoffit n-n 

Jgnoro^data « 0 
I reset J 



GO rra Q 

cdu_dlu_rreq « 0 
Jgnore_data n 0 



idle 



< 



> 



cdu_dJu_rreq » 0 
fgnore_data - 0 



req 



airr sour™ adrtafln ^ gQtfT^ n rt ffifl ; g 



cdu_diu_rreq w 
lgnore_data = 0 



C 



cau_dlir_rre<i » t 
ignore.data b 0 



ack 



3 



cdu_diu_rreq = 0 
fgnore.data « 0 



top iombc ftftrrri 



end sflmcQ ntf r 



cdu_tfu_rr©q * o 
*gnore_data = 1 



read 



_> 



Figure 101. State machine to read compressed contorts data 



22.5.5 Compressed contone FJFO 



The compressed contone FIFO conceptually is a 64-bit i«m»t *„h q k-. ^ 

w. *» fa. , he DIU , ^ zsisiJiKsiss a™ " ■ * *• <*- 

«^../.W bi, is 1 if this is a. to Se^SE? 7 5? C °" TOI "* "» 
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«dT 0 r^ 

• FIFO (as an additional effect of this Suha^no SZtT™*** bM ' ead from the 
tone data must be more than 4 x 64-bits, or 32 byTes! " SSj ! 34,0,1 " ^ band ° f COn - 

22.5.6 CS6150 JPEG decoder 

™^™*T^™£™TJ? m ?? f " m0dificd ° f Amphion CS61S0 

the CS6150 JPEG decodefc^^ MHz. (AmphioTSave staTed "at 

which a gated version of the systemTock pcfk. r5i^ thl T The «« » cl «*e° "y/ctt 

JPEG decoder on a single col« pi^SSSt^SSS 2? £ ? 8 D,cchanism for falling the 
the PuOutEnab input to the JPEG decX iSSSE onl^f™ n JtPUt * ^ pr ° Wded * 

is insufficient for «^=S5 SMS r^JBKiK 

quantization tables, restart interval 2.21? ^tream contains data for the Huffman tables, 
the JPEG bytestream automSy SSj £ pTces^Tth^O ^ "* Checks 

fymg the JPEG segments the decoder re-directe me daT o L L maikCr SegmcntS - After identi - 

as appropriate. Any errors detected in theVySre^a^ t^SZ^T* * * 0red 01 P rocessed 
stg^edand.ifanerxoris found, the ^^^T^^^,^^ 

Lmes (DNL) marker at the end (normally ne^ssarS JSli *£" mage 3 Define Number 

2Z5. 5. f JPEG decoder parameter bus 

SmtTmpmrS^^ 

mmes which internal parameters are displayed on he dSLI^ t select ° r «P ut VP8DecP7} pe ) deter- 
the port does not contain cortJjS ^ byTS^O " ^ ** aVai ' able ° n 



Table 99. Parameter bus definitions 



0x1 



0x2 



FY(15:0] 



FXf15:0] 



OO.YMCU[13:Q] 



FY: number of lines in frame 



FX: number of columns in frame 



YMCU: number of MCUs in Y direction of the current scan 
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Table 99. Parameter bus definitions 



J3 




0x4 



0x5 



00_XMCU[13:0] 



CsO[7:0]_TqO[1 :0LV0[2:01 
_H0(2:0] 



XMCU: number of MCUs In X dir^o^eZ;^! 



0x6 



0x7 



0x8 



0x9 



Cs1[7:0LTq1[1:OLVl{2:0] 
H1[2:0J 



Cs2[7:0LTq2[1 ;0J_V2[2:0J 
_H2f2:0] 



CsO: identifier for the first scan component 
TqO: quantization table identifier for the first scan compo- 

vlZ^T^ faCt0f fef ^ ** "mponant 



Cs3(7:0LTq3[1:0LV3[2:0] 
_H3(2:0] 



CsHf15:0J 



OxA 



0x8 



CsV[15:0] 
DRIft5:0) 



Cst, rqi, V1 and H1 for the second scan component.' 
VI. HI undefined if NS<2 



Cs2 ' Tq2 ' V2 and H2 for the second scan component 
V2, H2 undefined if NS<3 



Cs3. Tq3, V3 and H3 for the second scan component. " 
V3, H3 undefined if NS<4 



CsH: no. of rows In current scan 



000_HMAXf2:OLVMAX(2: 
0L MCUBLK(3:0LNSt2:0J 



CsV: no. of columns in current scan 



ORI: restart interval 



HMAa: maximal horizontal sampling factor In frame 

i^i v** 1 ™! VGrtiCal sampJin 9 fector "a™ 

fI ?toi n 0 U r ° fbtod<5 Pif MCU of ^ current scan, 

NS; number of scan components in current scan. 1-4 



22.5.6.2 JPEG decoder status register 

The status register flags indicate the current state of the CS6150 ^.ri. un. 

uig the decoding process, the decompression^ocessin Se^EG " detoCted ^ 
sent to the CPU by asserting * ^' nded « irrupt is 

and DecErrof), Co is also cleared to JIotWuI^S ° f ' WiW ' A**"* 

the JpgDecStatus register The CS6I50 watt ; until I«? *? 50UICe ° f the C1TOr b * readi *S 

prst^n or by a soft X of the SeTiliS l^SS^T^ * ^ tod ™« 

high to indicate an error condition as defuS? £ SeToO ^ " ^ * ^ * reSet 311(1 

is required from the user. If any of the other errors ™ ,hf £ S °f T* Se so no «t«vention 
cellation, the core wffl disc Jail inpT, £TS1E£3£ ^iZt Sc^/° ^ ^ 

more errors. xt 5tart ° f Ima 8 e ( so 0 without triggering any 



rSS^^2 dgcoder status register definitions 




15-12 



11-8 



TbiDefI7:4] 



TblDef[3:0j 



OecHfError 



Indicates the number of Huffman SS!^5 



Indicates the number of quantization tables defined, Iblt/tabte" 



Set when an undefined Huffman table symbol is referenced ^rinol^T 
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Table 100. JPEQ decoder status register definitions 



CUError 



IDcttnProg 



JpglnProg 



Set wnen arrything other than a JPEG marker is input ' 

Set when any of DecFlags[8;4] are seL 

T" ^ 0U,8r 801 mariMr * - «** -t of a stream 



aa'^'jytf 5^ ^ 5 ° — • . when ,DCT ha," 



22.5.7 Half-block buffer interface 



scan ,s connate, gj^g^gtgff ^ of a 



to stall the JPEG decoder core at taoL^T&fe'E? 4 ™ S « * "e able 

pixel). We provide a mechanism for s£g me SS SG, S£?t T^" 'V*" 32 pixels < 8 bits P« 
Jpgjoore^mn is 1. The half-block buKSSShW * ^ ^ C,0Ck * * C COre whcn 
half JPEG blocks to decouple JPEG decoAne frpaH ™^ f for proving a set of double buffered 
DRAM (write control unit). Data coming in^s f bh o^itih>° fr ° m ***** JPEG b,od « * 

only a single co.or plane. Data exits 3^1^" ** ^ °* " h ^ for 

Si^l^^^r - -' ° f 2 SiDg,e ™° b ^ -0 -me S imp,e 



plxeJ.data 




JfLadvjratijaock 
— rd^adv 



haJLWock.o^to.read 



cdiidh j_data{63:0} 



Figure 102. Block diagram of half-block buffer Interface 
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22.5. 7. 1 Half-block buffer select unit 



S3 



~* -* b «ff- is a half JPEG block, i.e. A^SSm^ST^ " ^ ^ ^ * ' n 

^-^'^ ° f ^^'ock buffer: ^ 

single bit (^ 6 MJ?) f J r t ^ & ^T^"£ r e ^ nt buffer *at reads are to occur ftom, and a 

^/.^oU^ equSs Zff'^but ^ "1 1° ° C , CUr to " 7116 «-P« value 
^-«va/ V Hr_6^^^ equals 

the production of pixels. The dock g4.g£ p^™? fin £ ,CPR ^ " 8ated ° ff 80 » to st °P 
output from the CDU. When Te»Jwe blS L^l » °* ^ «»>ntn>I of theyrfic.^fc 
(/dO«oWe is the inverse of Jp^Ztll). * " ^ ^ J clk - en ">>le is 0. jclk is 0 

25c^^ * ^ and n^, ^ 

mented whenever oix out va lid i« i "3 - P . S r f e, r ed ftom me JPE G decoder core. It is incre- 
pixeLcount^O] is IX, buffed t^ ^ Z JllVL ^ J*-^*""* When 
pix_out_valid ANDed with the inverse of X^SL, T ' ™ C 0utput ^ e <^ 

ANDed with rrf_a«rV. JPg_core_stall. The output rd^en equals half_block_ok_io_n;ad 

22.5.7.2 Contone plane buffer 

Eachc^ntone plane buffer consists of two half JPEG block buffers as shown in block diagram form in Fig- 



wr_buff_ 



-jcri en , 



pkeJ_data. 



8 



pixeLdata 



JPEG 
haJf-block buffer o 



Pixel data ^ 



JPEG 
haJf-Wock buffer 1 




odu_dfu_data(63:0J 



contone plane buffer i 



Figure 103. Contone plane buffer Interface 

^ 3 "" B » "combinatorial 
lected at the first shift rfgistc r " ta 'SS^SH £.T2,tf " V** * ^ iS C ° l " 
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22.5.8 Write control unit 



J3 



4 fine 



ORAM word p 
i 

DRAM word p+4 



DRAM 



255 



DRAM word p+4n " 

L i 

"~ DRAM word q 



Aline 
store 




DRAM word q+4 



DRAM word q+4n 



JPEG block 0 
Dries 4 to 7 



JPEG block 1 
lines 4 to 7 



JPEG block n 
fines 4 to 7 



255 


191 




127 


,« 


0 


C, 


«-4 i c; 


!L4 i 


C 


U i c< 


14 


C 


15 < CJ 
1 


15 i 


c 


L5 i C( 


IL5 


c 


16 t c; 


4.6 I 


c 


IL6 i C< 


16 


C3 


U7 i Q2 


17 l 


C1 


L7 t CC 


L7 



wordq 
wordq+1 
wordq+2 
wordq+3 



Impfles 4 x 64 bit writes to consecutive 

words In one DRAM row, kSTsSX^ 
CDU access to DRAM * 

CX- Color X 

LY « Una Y or 8 bytes of a fine in a JPEG block 



block 0, color 0, line 0 in word p bits 63-0 Hn« i < 

^ * oics &3-0, line 7 in word q*3 bits 63-0, 
block 0, color 1, line 0 in word p bits 127-64 lin« 1 i„ , 

line 2 in word p+2 bit. .127-64 line" V P * 1 bit8 127 ' 64 ' 

oics 127 64, line 3 in word p+3 bits 127-64, 

block 0, color 1. line 4 in word q bits n 7 M 1( fl , 

line 6 in word iFS* ™* *^ 7 ^ ^ bitS l27 " 64 ' 

o cs 127 64, line 7 in word bits 127-64, 

repeat for block 0 color 2, block 0 color 3 

block 1, color 0, line 0 in word p* 4 bits 63-0 H„ ft , , 

8 bJ °' aine 1 in word p+5 bits 63-0, 



etc. 



block N, color 3 f li ne 4 in word o:+4n bits 25S i w i , 

. line 6 in ^V^M^g^^*? ^ ^5-192, 
33 line 7 in word q*4n+3 bit 255-132 
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only «4 bits out of the 256-bll «»«, » MaM^ "S i ^^°™ p, ^ d """"^ *" «*■ «* ™ 
by lb. DIU. TOs means tta, a,, decoo»,^J^ if mra ™'° 8 **■ of °* »« nasksd 

Mf-block_.ok_to_.read and line store ok ,„ IZl? « b , 11 18 set « * e machine relies on the 

block to DRAM. Once the SSockt^^ t0 * Whether t0 •»■•* » "^Stf «S 
request, a write access to DRAM by' sX ^— ^ 4 "5 *!° b,0Ck ' the — 2 
mg to the first 64-bit value to be written, ncdTdt ^Zl t Wtite •*»*». correspood- 

access of 4x64 bits is issued by the CDU T^fnn r ( ^ " ddress *■ «** 64-bit value ineach 
fourth 64-bit values). The ^SSl^^ST a f ^ * e ^ 
mg a read of 4 64-bit values from the haS^^ST F ^ *» DIU M ™ -itiat- 
put cdu_diu_ wa li_ is asserted in the cycle after rlt ^ T * ""f^ 8 n/ - fl<,v for 4 The out- 

the cdu_,di»_data bus and should be wriSn to A ^« h ^ * DIU "«* * P^ent on 

cleared and l^_halJblock_adr gets loaded wifc S ^j? m 2 to 1 ? COunters Md should be 
buffj S tart_adr + ,»ac_W oc * + I buff_start_adr and uprJuxlfblock_adr gets loaded with 

" Wite addres » »"tp Ut to ORAM 

Cdu_diu_wadrf6 : 5] » 00 7/V~- 

if (half « x> then 

// update half, color, block «„,« 

if <rd_ad v _half_block 1, chC n ° S<,Ch DRAM w «"=« 

Access 

if (half «= i) then 
half * 0 

if (color « max^plano) then 
color « 0 

if (block max block) then 

Pulse wradvsilne " 8nd of wr *"ng a line of JPEG bloclcs 

block. = 0 
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II move to address for lines 4-7 for next block 



else Upr - halfbloclt -»^ = upr_halfbloc*_edr ♦ n^block . 2 
block +♦ 

upr,halfblock_adr + ♦ 

else 

color +•«■ 
else 

half a i 

if (color »= max_plane) then 

if (Mock =. ^taew then „ end Qf m . tlag m ^ jpEo bioc({a 

else 

lwr_halfblocx_adr = l»r_halfblock_sdr ♦ .nax_block ♦ 2 



else 

lwr_hal f block_adr 



// move to address for lines 0-3 for next block 
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crfu_dfu_wreq ■» 0 
cdu_dto_wvalid =» 0 
rd_adv a 0 
rd_adv_haff_bk>cJ< « 0 



GOeafl 

cdu_dlu_wreq » 0 
cdu_dtu_wvalid o o 
rd_adv « 0 
rd^adv_half_btock ° 0 



^ reset 



idle 



c 



odu_dfu_wreq a 0 
cdii_diu_wvaifd a o 
rd_adv « o 

rd^adv JiaJf_bk>ck « o 



req 



c 



> 



half block nk to rg nrt ~. j " Mlf 
odu.dlu wreq = I 

rd_adv a 0 

nJ^adv^haff.bkx* = 0 



ack 



C 



cdu_dfu_wreq a 0 
cdu_<rtu_wvaJJd « 0 
rd_adv a i 

rd_adv_hatf_block » 0 



read 



c 



3 



cdu_dlu_weq a 0 
odu_diu_wvaOd ■ i 
rd_adv a 1 
rd_adv_half_Wa* » 



write 1 



c 



ccfu_<Uu_wroq = o 
cdu_dJu_wvalid a 1 
rd_adv *> i 

rd_adv_haif_biock ° 



write2 



c 



cdu_dlu_wreq <= o 
cdu_dfu_vwaud « 1 
rd_adv s i 

nJ_adv_harf_Wock « 1 



write3 



c 



3 



cdu_diu_wreq = 0 
cdu_dJu_wvafcd a t 
rd_adv a 0 

**Ladv_haH,_biocK « 0 



write4 



> 



Cdu_dlu_wreq » 0 
odu_daj_*rvaJid a o 
rd^edv ■ 0 

Kj_adv.hafLWock-0 



Figure 105. State machine to write decompressed contone data 
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Contone line store interface 

write to. Tims the size of the line storein DR Am!^ , ea D0W beComes free for CDU to 

line store interface is l i^ ,2*2S? * ""Sf f 4 71,6 — 11111 size «f the 
scheme while 16 lines p^^LbSl ^ ^ " 12 UneS for a 15 b ^ 

The size of the contone line store is defined bv num hu/r A , • , 

stored in DRAM that are available to batten TwX^L ■ 00 IS kc P< of the number of lines 
set to the value of num buff / Z ° ^.'"o^ fronl «> to 1, nwnjines.avoil is 

available for 8 lines indicated TShen * JT ° n,y 1 bcgm t0 wnte to DRAM as long as there is space 
writing 8 t " ^ CDU has ^ 

CPU. and numjihe, ^rirde^^el^ P«i« the contone line store interface and the 

priately, and sends its own n&^/C^ to the cS^™ / .^ponding «o wradvSline pulses appro- 
Unnishes reading ^ ™-*>^ 
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23 Contone FIFO Unit (CFU) 



23.1 Overview 



23.2 Bandwidth requirements 



^^XTh^CU 0 ^ ** fr ° m DRAM ^ «~ «° to ««* -e at which the contone data 

direction is performed at the n*L lot Z CPU on 72u T?"? t0 1600 Rc P"^<"> * the X 
«io„ is performed by the CFU Zn^Z ^nZ^fZ * ^ in Y direc - 

DRAM. The HCU generates I doUbi-Sin | cft Zf 1 acoon,a W to Y-scale factor, from 

1 side per 2 second/for fulfb eS A^lS ^£TtSST1^S^ *° a " rint of 

color contone pixel (32 bits) every SF^lL wT^^r ^ Deeds t0 bc su PP ,ied with a 4 
from DRAM at 5.33 bits/cycleT ^ f0r 4 00,015 at 267 & the C ™ must read data 

23.3 Color space conversion 

SL^oXTr^E^'l ?TfvSat. ,y T Wi " 0C to ™ if presented 

and K, directly" represented by CMYK tSS! 2" CXamP,C ' *" 00,011 may 06 C ' M - Y ' 
multi-SoPEC printing with exact colore. 00,018 ^ represent * 0,d - metalli ' «"« etc. ft,; 

cSe^ P ^ C Z^Tc S JrS "f'^r^ WhCn '~ e - d dominance 
luminance information aX w^needTo be Znt« J° ^ h ,UminaDCC ' but C. M and Y each contain 

fore provide the means by which ^^^^T^TcJ^^'T T*\ 

sion. f«>^u io wtt as YCrCb. IC does not need color conver- 

Z^std 8 ^r P S S^C^K? T ^ " RGB ' thCT 10 YQCb *> d then finally JPEG 
to CMY. aecom P re ^»on, the YCrCb data is obtained, then color converted to RGB. and finally back 

The external RIP provides conversion from RC5R vrvm. — « 

implementation of the inverse tran^^loPeV^ CcTr M KnT* 

are normalized to occupy all 256 levels of an 8-bl bfnSy encomlg ^ Y ' * 

The CFU provides the translation to either RGB or CMY RGB i« ™i„a-a . 

produce CMV. «, printets inct _ ^ ^^S; IS^K? " 



1 . 32 bits / 6 cycles = 5.33 bits/cycle 
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?TS Si** ^ in thC CqI ° r Space convert <» is one of: 

• 1 color plane, no color space conversion 

• 2 color planes, no color space conversion 

• 3 color planes, no color space conversion 

• 3 color planes YCrCb, conversion to RGB 

• 4 color planes, no color space conversion 

• 4 color p,anes YCrCbX, conversion of YCrCb to RGB, no co.or conversion of X 
The YCrCb to RGB conversion is described in f 141 Note that if th* • 

specfic advantage in performing co.or conve.io^altToughteSu ESSE^S*" *~ " " 

23.4 Color space inversion 

may be used to provide pianaJ correlation ^^SS^^ * ^ * * 

V^C-HS^R* COnVefSi0n is * ven b y * e relationship: 

• M = 255-G 

• Y = 255-B 

Relationships re quire the page RIP to calculate the RGB from CMY as follows: • 

• G = 255 - M 

• B-255-Y 

23.5 Scaling 

sented by a numerated a Z2SJ?5S^5S2 55T^ T*"* ** fa «" V 
should be greater than or equal to the denomKtol Fof Z£Z? t P **** v aU0Wed * L * * e nurnerat °r 
the numerator is progranTed as 5 and ZZSEr SS^fS " P * * **» ° f «™ «* a ^ 

if (count * denominator - numerator 0 ) then 
count = count ♦ denominator - numerator 
advance = 1 



else 



count = count ♦ denominator 
advance = 0 
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23.6 Lead-in and lead-out clipping 

EEZis: szijzssxss' get — * * *• cfu > - «* - *. h CU 

££££2^ *" X **** ™ - ta ^ d - - - -tone layer is clipped to the *, 

block n below) will be the last JPEG ^SlSSl^S^ 5? ? ^fj^dary of the 2 SoPECs (JPEG 
line printed by SoPEC #2 Pixels In thiTlPEG wi^ ? / !°, PEC " and Ae 6x51 JPEG "ock in the 
ate«y setting £ LJ^^pZ^^EG^t^?^ ? £ ^ by appr ° pri - 
at the beginning of each line The ««bJrfS^S?J?TL^ v. EC * 2 mUSt 1,6 i « nored 
LeadlnClipNum register. P 6 18n0red at * c start of ««* l^e is specified by the 

It may also be the case that the CDU writes n„t mr:/-> . ■ , , 

as shown for SoPEC #2 below, to 5*2 Z vX 3E 22?, T " ,0 by *• CFU - 

spond to JPEG block m but the vahTe *S^2S^l^t7S^ fa &e CDU is 561 » «>"e- 
block m-/. Thus JPEG block m is not r«d fn by^CT^ ^ M CFU 15 "* l ° COtICSpond t0 ™ G 



SoPEC #1 
fead-ln area 



SoPEC 92 SoPEC #1 
lead-m area ( lead-out area 



SoPEC #1 prints left 
side of page 



SoPEC #2 
lead-out area 




SoPEC #2 prints right 
side of page 



R B ure 106. Lead-,n ,„ d „ ad . out elippfng of contone ^ ^ env|ren|nent 

Length register defines the Se offte w e SSftJlSST 8 ^-J 0 "* 1116 

trols the sca.bg of the las. valid pixel ^ " ^ KS ° Mi ° B *« ^ 
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23.7 Implementation 

Figure 1 07 shows a block diagram of the CFU. 



DRAM Interface Unit 



Contone 
Decoder Unit 



,'64 



decompressed 
contone buffer 



>'8 



^ 2^ wr_buff. rd buff 



ff_en. fd_en 



^ 5^ wr_sel[l:0).fd_seH 2.-01 



Y-scaling 
control unit 



Cb 



, r 8 



Cr 



color space converter 
cp3 cp2 C p1 coO < ffTV9n - co>or -P' a ^ 



,'a 



YCrCb2RGH 



if 



8' 



15 



configuration 
registers 



,'32 



output 
double-buffer 



^ 2^ wr_en. rcLen 



/'a 



E 

s 



8, 'a, '3 ,'3 I 



* * * ± it 







J » 

^ Hne8 ok io 


contone 
line store 
interface 





X-scaling 
control unit 



,^2 



Contone 
FIFO Unit 



1 



1 



Halftone/Compositor Unit 



PEP Controller Unit 



Figure 107. Block diagram of CFU 
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23.7.1 Definitions of I/O 

Table 101. CFU port list end description 



J3 



Clocks and reset 



pcfk 



prst_n 



PCU Interface 



pcu_cfu_sel 



pcu_rwn 



pcu_dataout(31:0] 



cfu_pcu_rdy 



cfu_pcu_data[31:0) 



DIU Interface 



cfu_diu_rreq 



cfu_dlu_radrl21:5] 



dlu_cfu_rvalid 



diu_data[63:0] 



cdu_cfu_wradv8t]ne 



HCU Interface 



hcu_du_advdot 



cfu_hcy_cOdata[7:0] 



cfu_hcu_c2data[7:0] 



cfu^hcu_c3data[7:0j 



In 



32 



32 



In 



In 



Out 



Block select from the PCU. When pcu_cfu_set is high both 
pcu^adr and pcu_dataout are valid. 



Common read/not-write signal from the PCU. 



PCU address bus. Only 5 bits are required to decode the" 
address space for this bfock. 



Ready signal to the PCU. When cfu_pcu_«fy 5 high it Indicates 
melast cycle of the access. For a write cycle this means 
POA -<Maout has been registered by the block and for a read 
cyde this means the data on cfu _pcu^data is valid. 



17 



64 



Out 



Out 



In 



In 



Acknowledge from DIU, active high. Indicates that a read 

IS ha * ^ accepted and the new read address can be 
placed on the address bus, cfu diu rudr. 



CPU read address. 17 bits wide (256-bit aligned word). 



Read data valid, active high. Indicates that valid read data Is" 



now on the read data bus. dfu_data. 



Read data from ORAM. 



In 



Out 



Write 8IJne pulse, active high. Indicates that the CDU has fin- 
ished writing to 8 lines of decompressed contone data to the cir- 
cuter buffer in DRAM and the data is available to be read by the 



Read line pulse, active high. Indicates that the CFU has finished" 
km«1 7 decom t> r *ss*<* contone data to the circular 

buffer In DRAM and that Dne of the buffer is now free 



Out 



Out 



Out 



Out 



Informs the CFU that the HCU has captured the pixel data on 

^^i^l^T ,in6S and the CFU «" now "«* the next 
pixel on the data lines. 



Pixel of data In contone plane 1. 
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23.7.2 Configuration registers 

The configuration registers in the CFU are programmed via the PCU interface Refer to section 21 8 2 on 

raTwT' a . U BddresS bus ,re not '^red to decode the address space for the 

2X25? ^ ' y " U ,CSS ^ 32 WtS ^ 2eros should be retumedCS « ^unused 
bit(s) of cjuj,cu_data. The configuration registers of the CFU are listed in Table 102: 

Table 102. CFU registers 




Control 



0x00 
0x04 

Setup registers 


Reset 
Go 


1 
1 


0x1 
0x0 


A write to this register causes a reset of the CFU 

Writing 1 to this register starts the CFU. Writing 0 to this 
register halts the CFU. 

When Go is deasserted the state-machines go to their 
Idle states but aff counters and configuration registers 
keep their values. 

When Go Is asserted all counters are reset, but configu- 
ration registers keep their values (I.e. they don't get 
reset). 

The CFU must be started before the CDU is started. 
This register can be read to determine if the CFU is run- 
ning 

J (1 - running, 0 • stopped). 


0x10 


MaxBlock 


13 


0x000 


Number of JPEG MCUs (or JPEG block equivalents i e 
8x6 bytes) in a line -1. 


0x14 


BiiffSlartAdr 


15 


0x0000 


Points to the start of the decompressed contone circular 
buffer in DRAM, aligned to a half JPEG block boundary 
A half JPEG block consists of 4 words of 256-bfts, 
enough to hold 32 contone pixels In 4 colors, i.e. half a 
JPEG block. 


0x18 


BuffEndAdr ^ 


15 


0x0000 


Points to the end of the decompressed contone circular 
buffer In ORAM, aligned to a half JPEG block boundary 
(address is Inclusive). 

A half JPEG Week consists of 4 words of 256-bits, 
enough to hold 32 contone pixels in 4 colors, I.e. half a 
JPEG block. 


0x1 C 


4UneOffset 


13 


0x0000 


Defines the offset between the start of one 4 line store to 
the start of the next 4 line store. In Figure 1 08 on 
page 294, if BufStartAdr corresponds to line 0 block 0 
then BuffStartAdr* 4UneOffset corresponds to line 4 
block 0. 

This register is required in addition to MaxBtock as the 
number of JPEG blocks In a line required by the CFU 
may be different from the number of JPEG blocks in a 
line written by the CDU. 


0x20 


YCrCb2RGB 


1 


0x0 


Set this bit to enable conversion from YCrCb to RGB, 
Should not be changed between bands. 
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Table 102. CFU registers 




InvertCotorPlane 



0x28 



0x2C 



0x0 



HcuUneLength 



LeadlnClipNum 



0x30 



0x34 



0x38 



0x3C 
0x40 



16 



LeadOutClipNum 



XstartCount 



XscateNum 



XscaleDenom 



0x44 



YscaleNum 



YscafeDenom 



0x0000 



0x0 



0x0 



Set these bits to perform bit-vidse^verelon ona peTcoJor 
plane basis. 

bitO - 1 Invert color plane 0 

- 0 do not convert 
bit1 - 1 invert color plane 1 

- 0 do not convert 
blt2 - 1 Invert color plane 2 

* 0 do not convert 
bit3 - 1 invert color plane 3 
Should not be changed between bands 



Number of contone pixels - 1 in a line (after scaling) 
Equals the number of hcu_cfu_dotadv pulses - 1 
received from the HCU for each ilne of contone data 



Number of contone pixels to be Ignored at the start of a 
ine (from JPEG block 0 in a line). They are not passed to 
the output buffer to be scaled in the X direction. 



0x00 



0x01 



0x01 



0x01 



Number of contone pixels to be ignored at the end of a 
line (from JPEG block MaxBbckln a line). They are not 
passed to the output buffer to be scaled in the X dfrec- 
tfon. 



Value to be loaded at the start of every fine into the coun- 
ter used for scaling in the X direction. Used to control the 
scaling of the first pixel in a line to be sent to the HCU 
Thrs value will typically be rero. except in the case where 
a number of dots are clipped on the lead In to a line 



Numerator of contone scale factor In X direction. 



Denominator of contone scale factor in X direction. 



0x01 



Numerator of contone scale factor In Y dire ction. 
Denominator of contone scale factor in Y direction. 



23.7.3 Storage of decompressed contone data in DRAM 

The CFU reads decompressed contone data from DRAM in single 256-bit accesses JPFO Ki^Vc r 

in each 256-bit DRAM woTd ^^^^l^^t^Zl^ " V? 
256-bit DRAM access. " Colors from a s,n 8 le l,ne in each 
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DRAM word p 



DRAM word p+4 



4 line 
store 



DRAM wordp+4n 
— DRAM word q 
DRAM word q+4 



4 trie 



DRAM 

JPEG btock 0 
lines 0 to 3 



JPEG Woe* 1 
lines 0 to 3 



JPEG Woe* n 
tines 0 to 3 



I 



ORAM word q*4n 



JPEG Wock 0 
0nes4to7 



JPEG block 1 
Hnes4to7 



JPEG block n 
lines 4 to 7 





255 


191 127 ta < 






C3L0 I C2Li? i Cim i rv^ A 


I word p 






i C2L1 i C1U ! cnLl 


wordp+1 




C3^2 


• C2L2 i C1U 1 CQL2 


word p+2 






1 C2U f CJUj QPL3 


J wordp+3 


255 


191 t27 83 O 






C^4. 


C2L4 l CJL4 1 COm 


word q 




C3^5 


C2L5 i C1L5 r COLS 


word q+1 




C3^6t 


C2L8 i C1L8 l COLfl 


word Q+2 




C3^7 i 


C2L7 I C1L7 I C0L7 


wordq+3 



Implies one 256 bit read of a word In DRAM 



CX- Color X 

LY - Una V or 8 bytes of a line In a JPEG block 



Figure 108. DRAM storage arrangement for a single line of JPEG blocks in 4 oolors 

sequence, as shown in Figure 108. is 



The CFU reads data line at a time in 4 colors from DRAM. The read 
as follows: 



line 0, block 0 in word p of DRAM 
line 0, block 1 in word p+4 of DRAM 

line 0, block n in word p+4n of DRAM 

(repeat to read line a number of times according to scale factor) 

line 1, block 0 in word p+l of DRAM 
line 1, block 1 in word p+5 of DRAM 
etc 

becomes available for iTc^^te t^ * * ° f C ° nt ° ne 4 ,ine *° re 

23.7.4 Decompressed contone buffer 
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23.7.5 Y-scaling control unit 

«^ 

DRAM in single 256-bit accesses, receiving Ae S fo2 fSJSnl ^Tf^u C ° at ° ne *•* is read fr ° m 
The protocol and timing for read accesses to DR^M w ^ ' 4 d ° Ck cyc,cs C 64 " 1 ^ P« cycle). 

buff_ok_,o^rite flags to tell it whether to^ttelDtto^.^ ^ hme ° n 0,6 to *»-°*-'<>_mK» and 
When Une8_ok to read is 0 the a£ e JS*l w reada ' ,ne of ^^essed contone data from DRAM 
machinecontinuesToloaddlmtoSde^" T ? ^ Une8 -^.read is 1 me^ 

space available in the buffer decoin P^«l contone buffer up to 256-bits at a time while there is 

that writes are to occur to. Bno a Sln 8 le «* for the current buffer 

of data from DRAM to the bu ff rsde^dt^t J ^ is — «- » **- *e W-bS 

n/_en and n/j./ gets incremented^ p~o.nl to L ~ vl? 1 " fr ° m the buffer verting 
write the data to the output double-buffer of Z Sj^h^t ^ " , ? ed to the folIowin 8 ^le <° 
M 11 and ^ is asserted. ^va^^tSd^^S^ 8 ^ ^ 

« -i^heTe^^^^^ r-o, before the CPU moves 

direction is thus performed. m P™<** contone data. Scahng to the printhead resolution in the Y 

i^a?^^^^ 

both curr^alfblock and /«■ ^ r " . ~f " ™ V°i s c,eared - When a 1 is written to Go 

h. dram. ™. ^ rita ,« - ^SS, £ " ra " i0! 



// assign read address output to DRAM 
cdu_diu_wadr(21:7] = curr.halfblock 
cdu_diu_wadr[6:5] = lined ;0) 



" i^s^ 1 ::--^-"- — — ~ . £ter each DRAM reaa acceaa 
xf ST.- ~^ block> ehen " - - — . line of contone in up co 4 coiora 

y_ S cale_coun t . y_scale_cou„t ♦ y j ^ °' the " 
pulse RdAdvli„ e y-Scale_«enora - y_scale_num 

if (line «. 3) than #/ > 

// end of reading 4 line store of contone data 
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line » 0 



curr_halfblocJc « buf f^etartladr 
line_atart_adr - buf faster t_adr 

ime_9tart.adr = buff_start adr 
else ~ 

curr__halfblock * line_start adr 
line^atart^adr * linens car tladr 



41ine_of fset 
41ine_offeet 



= line_start_adr 



else 

lino ♦+ 

curr_halfblock 

else 

// re-read current line from DRAM 

cfrl*llf£T\~ y T SCalG - COUnt * y-Scale,denom 
curr_nalfblock = linens tart adr 
else *~ 

block +«■ 

curr^ha If block 
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cfu_dJu_rraq « o 

wr 99I a 0 
wr_adv_buff = 0 



RflBat OR pnrt n — ff 
cfu_diu_rreq a 0 

reset J 



< 



idle 



c 



§0—1 

cfu_dfu_rreq *» 0 
wr_sel • 0 
wr_adv,buff = 0 



req 



c 



> 



ft m mrm amp 



M to wrfrn 



cfu_dlu_/req a 1 
wr_adv_buff =» 0 



ack 



c 



) 









cru_dfu_nreq q 0 




wr_sef 0 0 




wr,adv_buff - 0 


„ . — 3 


\ 



readl 



c 



gu <*" rvnfirt — 1 



cfu_diu_rreq » 0 

Wf_86l B 0 

wr,adv^buff » 0 



read2 



c 



3 



cfu fYafftL; 



.dru_rreq * 
wr_advjbuff a 0 



cfu_din_rreq 
wr_sel a 3 
wr_adv^buff =1 1 



read3 



dju eft, r^ nf | — 1 

wr^sel ~ 2 
wr_odv_butt « 0 



read4 



Figure 109. State machine to read decompressed contone data from DRAM 
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23.7.6 Contone line store interface 

DRAM when the CDU has written 8 ^omnleTe if„« T ^ CFU may onl y ^ to «»d from 
lines, it sends an c^.SS^ STS £f J*" *• ™ «- writing 8 

CFU may continue reading from DRAM as lone Z buff'h^ *?Ju**J**a* uicremented by 8. The 
set while buff lines avails mater Aanfl mSS. h *<ff_hnes avail is greater than 0. line8_ok_to_re a d is 
from DRAR the Y^caltg Stoend^^S y readin 8 a toc "intone data 

CDU to free up the line in me buS DR^ £rt? Mg f ^ C ° nt ° nC Une Store in,erfece ««» "> *e 
v/toe pulse. DRAM " fa «Sl to «-«v < H/ ,s decremented by 1 on receiving a *<iW- 

23.7.7 Color Space Converter (CSC) 

o^o^rr^ 

22 YCrS ofSa SSSSSSb 3 S2±? 38 * C '' °»* <* - «*- the same 

RGB. If YCrCb2RGB^uals O^e conveST^s nof^ T *? r^ 0 " "* from YCrCb » 
second stage. The 4th color plan^irWn bvoaLes £l P !!i ^ ^ pixe,S m *» *e 

latency of the convert YCrCb uTrgB bS "is iSST-rS V** * RGB Wock - Note th * 

plane as it bypasses the block. ^ 7,115 ' atency should * equalized for the 4th color 

YC Sgto± ROB, and c^ bc^^^^^ 
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Figure 110 shows a block diagram of the color space 
color 



converter. 




23.7.8 



Figure 110. Block diagram of color apace converter 

version is implemented as follows accuracy * maintained with 1 8 bits. The con- 

• R* = Y + (359/256XCr-l28) 

• G*-Y-(183/256XCr-128)-(88/256XCb-128) 

• B- = Y + (454/256XCb-128) 

X-scaling controf unit 

the mechanism for keeping track of the cu^n tt aS aTwnt b«ff£ ET" ^ reS ° ,Uti ° n ' Pr ° vidCS 
read from until it has been written to. d ensures 8 buffer cannot be 

mat writes are to occur to. fr ° m ' 81141 a sm « Ic b,t <. w 'J™jff) for the current buffer 

- 15 1 * ruteIS m ™« lead-in and lead-out areas are 



1 . - 1 79 is saturated to 0 

2. 135.5, with rounding becomes 136, 

3. -227 is saturated to 0 
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ignored, i.e. they are not written to the output buffer Lead in ^..j . ,• . 

if (wradv == i) chen 

" i?^ 1 -""" 6 " «"-*JWodi.Mll|j then 

pixel^count = 0 
elae 

pixel_eount ++ 
if ( (pixel_count < leadin_clip_num) 

OR (pixel_counc > ( {max bloefc si n v i 
wr.en = 0 ^^iX-Oiock, bill) - leadout_clip_num) ) ) then 

else 

wr_en i= l 

When a wr_en pulse is sent to the output double-buffer h*,/r „ ir ^ - 

The output cJU.Hcu.anU ^ J ^ ^ " ^ i " VertCd - 

HCU that data is availab.e to be readl £ £eCHJ " ^ *" » 

algorithm for non-integer scaling is tenftcd^ T . f mS , *J m P ,emented by P ixel ^cation. The 
loaded with ^tartjun, ^ZfS^J^jSSlt^ N °* • *-*»/e_c<™, should be 
first pixel is scaled by. hcujinejength and d^J^ Controls *° by which the 

line that is sent to the HCU is scaled by ^ COntrol the amount which the last pixel in a 

it <hcu_cfu_dotadv a) Chan 

rd_en * 1 x_acaie_denoro - x_scale_num 

else 



rd_en * 0 
else 

*-scale_count » x_scale_count 
rd_en = 0 



When a ^ pulse is received, ^aU^ffj is cleared> ^ ^ ^ 

^"^^^^ 

received then a n/_en pulse is genrated tot^TtJ^sfTl ^ / *^* t > ta "* pulse is 
reset to 0 and x_scale_co«m is loaded with ^Lrr^" * ° f CFU> *'-"*'-««<''' is 
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24 Lossless Bi-level Decoder (LBD) 



24.1 Overview 



the number of lines to decompress. AlttoS^rSemL^ van • 'Tf < decom P re «ed) line, and 
compression, the LBD can cope with S52S2I3?f 5 ^ *° 4,5,6 * Print tCXt 41 1 0: 1 

pass-through mode is provided for SSSSTSSli TT - DRAM "*« * aVaiIab,e ' A 
50:1. Lossless bi-level compression *Z7£^?Z P T *Z> com P resses a ratio of about 
which compress poorly. 80 aVetage page 15 20:1 with 10:1 possible for pages 

unit) for the next stage in the priS'rSelkL^L ^ Rn ? " * HCU (Halftoner/Compositor 
is used by the PCU L is avatS^m^oTcm^^ " 4 *at 



n 



ORAM 

Interface Unit- 



PCU 


« 


— 1 

LBD 







It 



Spot FIFO 
Unit 



HCU 



Figure 111. High level block diagram of LBD In context 

24.2 Main features of LBD 

Figure 1 12 shows a schematic outline of the LBD and SFU 

at 1 600 dpi. H 6 DU " erS must aw***"* be long enough to store a complete line 

The PEC1 LBD is required to output 2 dots/cvele to the ur it n. - .l 

SoPEC to minimise changes to Ae blocSodll i s„ P cr ^^"^P" ^ability is retained for 
PEC1 LDB outputs 16 biu in parallel to me PEC^ol JSfi? "7 ^ ^ read 1 dot/c y c,e - ™< 
the LBD in SoPEC can run much faster than ^ZL^T^M Ttartb » 
processing latency, to be absorbed. «iuirea i tus is useful for allowing stalls, e.g. due to band 

grammed number of bits. SSEr Slit «T ^Z^nSh ^ ^ °' ta 3 

length code, followed by pass through. run-length code is always executed as a run- 

s^sTSm?r£^ *e Spot P IFO Unit (SFU). This 

lines up to a programmable numbe^C T&S&TSS? VnST T* " DRAM ' """^ 3 
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A signal sfujdb_rdy indicates that both the SFU's NextLinoFlFn »„a o m ™ 

writing and reading, respectively. NextLineFIFO and PrevLineFIFO are available for 

Kbytes of storage. 4 1- 'Kbytes of """a* An A3 Ime of 19488 dots requires 2.4 

rupt finished band signal is exported to the PCU and is additionally available to the CPU as an inter- 




ORAM read 



All FIFOs are 64 bytes 
(twice the ORAM data 
word width) 



ORAM write 
ORAM read 



rr— 3 


i 


HCU — i 

1 



Figure 112. Schematic outline of the LBD and the SFU 
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24.2.1 




Bl-fevef Decoding in the LBD 

taWh Tile ^/^fSi'^Sl™ tKT H "* ,,n, ™ 



Table 



I 

• i 
II 



.T'j'- 1 ''-"!.''!."!' 1 u ™ lmn ° 2£ r** 1 

fggjComrnand: aO t-bTskTp next two*^T 



1000 



110 



I 



o c 

if 



010 



VerUcaJ(0); aO <- b1 . color = JcoJor 



110000 



010000 



100000 



Vertical(l): aO <- bU 1 . color = ir^T 



VertlcaJ(-l): a0<-b1 - 1 , color - lector 



000000 



Vertical^): aO <- b1 7 2, color * icolor 
Vertical^): aO <- b1 - 2, color s 



VertfcafQ); aO <- bU 3. color ^ ir^T 



Vertical^): aO b1 - 3, color = 1^7 



Horizontal: aO aO + <RL> + <rl> 



number of bits, whichever is shorter. Thecal iZ Zl T f nd ° f llne 0r for a Programmed 
followed by pass through. The p^^nT^T^ ^ M a ^-leoS^ie, 

than or equal to 3 1. ^ 65031)6 COde ,s a me ^ length run-length with a run of less 



B±Lj!j' ^u R " n m". 901 (RL) enCO<ftn flg 




RRRRR1 



RRRRR1 



RRRRRRRRRR10 
RRRRRRRR10 



o c 
** o 
5 E 



RRRRRRRRRRlO 
RRRRRRRR10 



Short Black Runlength (5 blta) 



Short White Runlength (5 bits) 



Medium Black Runlength (10 bits) 



Medium White Runlength (8 bits) 



Medj um Black Runlength with RRRRRRRRRR 
Enter pass through 



<-31. 



Meolum White Runlength with RRRRRRRR ; 
Enter pass through 




the nght to most significant bit at the left). d m Same 0 east significant bit at 

pass the data to the LBD as un-cornpressed P^i Tb^eh l^^ 0 " 5 '*! this * Would te easi « to 
mented ,„ the PEC1 version of the LBD When AeL^n i, ^ ¥ ' S a " CW feature was not imple- 
the data stream is an un-con^ssed £ JES ^ c^^^ ^.^ * - 
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24.2.2 



*. coding sc h«i of Tabfc ,0™ "Si TJ. ' T """r'* 1 - HoWeVe ' md " 

DRAM Access Requirements 

. fc 0IU . ^ u& diu j^s suss si^siaas' i * *■ iB 



Table 105, DRAM bandwidth requirements 



Direction 



Read 



Maximum number of 
cycles between each 
256-bft ORAM access 



256 1 (1:1 compreaafon) 



Peak Bandwidth 
(bits/cycle) 



1 (1:1 compression) 



Average Bandwidth 
(bits/cycle) 



01 (t0:1 compression) 



'■ i « , f w. i i i oqj 

1: At 1:1 compression the LED requires 1 bicycle or 256 bite every 256 cycles.' 
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24.3 Implementation 

24.3.1 Definitions of IO 



S3 



Table 106. LBD Port List 




lbd_diu_radr[21:5] 



diujbd_rac* 



diu_data[63;0J 



17 



Out 



^JZ! eStS ^ A read ™ sl be accom- 

panied by a valid read address. 



64 



In 



In 



Read address to DIU 
17 bits wide (256-brt aligned word). 



Acknowledge from DIU that read request has beeVT 
accepted and new read address can be placed on 



Data from DIU to SoPEC Units. 
First 64-bits is bits 63:0 of 256 bit word 
Second 64-bits is bits 127:64 of 256 bit word. 
Third 64-bits is bits 191:128 of 256 bit word 
Fourth 64-bits is bits 255:192 of 256 bit word 



SSK Unit ^ fead date ls 




lbd_pcu_rdy 



SFU interface data and control signals 



Out 



Btoch : select from the PCU. When pcu./boLse/ is high both 
pcu-addrand pcu_dataout are valid. 



i Cyde ° f the access - For a write cycle this 
means pcu_djtaouttes been registered by the Week end 
tor a read cyde this means the data on ^JS^ 



8fu_lbd_rdy 



Ibd_sfu_ad v1ine 
[ fbd_sfu_pladvword " 



In 



^Kf^ ,ndfcatin 9 SF ^ "as previous line data ' 
available for reading and is aiso ready to be wrSen 
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24,3.2 Configuration Registers 

Table 107. LBD Configuration Registers 



J3 




0x04 



Go 



0x0 



A write to this register causes a reset of 
the LBO. 

This register can be read to indicate the 

reset state: 

0 - reset In progress 

J - reset not in progress 



Setup registers (constant for during proca^n^ the 



0x08 



OxOC 



0x10 



UneLength 



page) 



Writing 1 to this register starts the LBD 
Writing 0 to this register halts the LBD. 
The Go register is reset to 0 by the LBD 
when it finishes processing a band. 
When Go is deasserted the state- 
machines go to their idle states but all 
counters and configuration registers keen 
their values. 

When Go Is asserted all counters are 
reset, but configuration registers keep their 
values (I.e. they don't get reset). 
The LBD should only be started after the 
SRJ Is started. 

This register can be read to determine if 

the LBD Is running 

(1 - running, 0 - stopped). 



PassThrough Enable 



PassThroughDotLength 



16 



1 . 



Work registers (need to be set up before processing a ban^ 



0x0000 



Oxt 



Width of expanded bUevel line (in dots) 
(must be a multiple of 16 bits). 



0x0000 



Writing 1 to this register enables pass- 
through mode. 

Writing 0 to this register disables pass- 
through mode thereby making the LBD 
compatible with PEC 1 . 



Number of dots for which pass-through 
mode win last, if the end of the line Is 
reached first then passthrough will be disa- 
bled. 



0x14 



0x18 



NextBandCurrReadAdr[21 :5] 
(256-bit aligned DRAM address) 



17 



15 



0x0000 
0 



0x0000 



Shadow register which is copied to 
CurrReadAdrwhen (NextBandEnabte = 1 
& Go =»= o). 

NaxtBandCurrReadAdr Is the address of 
the start of the next band of compressed 
bMevel data in DRAM. 



Shadow register which Is copied to Lines- 
Remaining when (NextBandEnabla 1 & 
Go«0). 

NextBandUnesRamaining 'ts the number of 
lines to be decoded in the next band of 
compressed bi-level data. 
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Table 107. LBD Configuration Registers 




0x20 



NextBandPrevUne Source 



NextBandEnabie 



Work registers (read only for external access) 



0x0 



0x0 



0x24 



0x2C 



0x30 



0x34 



CurrReadAdr[2l:5] 

(256-bit aligned ORAM address) 



UnesRemaining 



PrevUneSource 



CurrWriteAdr 



17 



15 



FirstUneOfBand 



15 
1 



Shadow register which is copied to Prsv- 
UneSaurce whan (NextBandEnabie =, / 
&Go = 0). 

1 - use the previous line read from the SFU 
for decoding the first line at the start of the 
next band. 

0 - ignore the previous line read from the 
SFU for decoding the first fine at the start 
of the next band (an all O's line Is used 
instead). 



If (NextBandEnabie 1 & Go «= 0) then 
-NextBandCurrReadAdris copied to 
CurrReadAdr, 

•NextBandUnesRemaining is copied 
to UnesRemaining, 
-NextBandPrevUneSource is copied 
to ProvUneSource, 
-Go is set. 

-NextBandEnabie Is cleared. 
To start LBD processing NextBandEnabie 
should be set 



The current 256-bJt aligned read address 
within the compressed bMeveJ Image 
(DRAM address). Read only register. 



Count of number of lines remaining to be 
decoded. The band has finished when this 
number reaches 0. Read only register 



1 - uses the previous line read from the 
SFU for decoding the first line at the start 
of the next band. 

0 - ignores the previous line read from the 
SFU for decoding the first line at the start 
of the next band (an aJf O's line is used 
instead). 

Read only register. 



The current dot position tor writing to the 
SFU. Read only register. 



Indicates whether the current line is con- 
sidered to be the first iine of the band 
Read only register. 



24.3.3 



Starting the LBD between bands 

The LBD's itteWWh k f«S?CS C TX°?Z ^ * ^ 
and then stops, clearing it's Go bit and issuing a f TnZH, 1116 LBD decodes * single band 

I here are 4 mechanisms for restarting the LBD between bands: 
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SmSJSSS? CaUSCS ^ t0 tte CPU - 1116 LBD wiU stopped and cleared its 
Go b.t The CPU preprograms the LBD, typically the NextBandCurrReadAdr NexJaZdLiZ 
RMain„ g and NextBandPrevLineSource shadow register, and sets NeZandtZt^ 

b '2lS^ r08 T lS ^ D ' S N *"*<»*C«rrReadAar, NextBandLinesRemaining. and Afett- 
c The PCU is programmed so that Ibdjinishedband triseers the PPF J tn _ 

" Sn-t ^ bin ^° n f C 8b0Ve - ^ PCU ("ther than the CPU in 6) programs the 
LBD s NextBandCurrReadAdr, NextBanJLinesRemaining, and Afarf)J!SS2 

«^fo^ne« bS 0mmandS Pr0gram ^ LBD ' S Sh3d0W ^ «" 
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24.3.4 Top-level Description 

A block diagram of the LBD is shown in Figure 1 1 3. 



J3 



ORAM Interface Unit 



07 



lossless bMeveJ 

runlt 



Stream 
Decoder 



J * 



pass_thf(Xfgh_dQt_lenath 



pass_through_enable 



prev_l(na_ source 



Register and 
Resets 



On es_ remain fng 



fmejength 



Command 
Controller 



15. 



1 



JM_flntehedband 





Next Edge 




UnH 



Una Fill 
Unit 



5l 



fbd.sfu. 



sfu. 



sfujt d„rfy 



data 



End of Band 

Unit 



pladvwor 



bd.pldata 



_edvline 
» 

1$ loo t.8fu,wdala 



wdatavaita 
■ » 



Previous 
Une Buffer 



Spot FIFO 
Unit 



Next 
Line Buffer 



Figure 113. Block diagram of lossless bMevel decoder 
The LBD contains the following sub-blocks: 
Table 108. Functional sub-blocks In the LBD 




Stream Decoder 



Command Controller 



Next Edge Unit 



ft^ 8 ^!^! bW6Vel descrf P tion fr <™ «he ORAM through the DIU Inter- 

S!n L Z^.?* Wt 8XWam ,nt ° a COmmand arguments. wtaZ It 
then passes to the command controller. 



Une Fill Unft 



'"^f command from the stream decoder and provide the fine fill 
unit wkh a limit address and color to fill the SFU Next UnVeSfer it atao 
provides the next edg e unit starting address to loo* fp^e ne^ edoe 

^nl«ZTT P ? Vk>U8 Une Buffer usfn 9 S address to find ' 

the next edge of a color provided by the command controller Thenaxt 
edge unit outputs this as the next current address back Jo the comr^L 
controller and sets a va»d bit when this address?s a? 1*1° 



2 *° f 1^ T U ? e 8Uffer Wfth a °° ter "™ lte ~"ent address up to a " 
limit address. The color and limit are provided by the command controller 
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24.3.5 



24.3.6 



Naming of signals and logical blocks are taken from [18]. 

The LBD is able to stall mid-line should the SFI I hp . .-.hi. i 

line frame due to band processing latency " W V * PrCVl0US UnC 0r receive a curr «" 

All output control signals from the LBD must always be valid after f„ , t 

currently decoding, /W^.^ (to the SFU) JiS^SSS^S^ft tf iS ° 0t 

Registers and Resets sub-block description 

lbd.' to - - -^--^^srscx-irs: ssa; s 

LBD i^ora previc „ I A i.S,S«^Sfl ?T ".J".*' *» » " • » is «rin» ft. 
I™ .cb.^ of wh* ft, o^oTrSS^ "* " ' f " " "^"^ •» "™ «* *• P«"io« 

pressed data stream. ^ 6 ^ ,rom the Dru 811(1 commence decoding of the com- 

Stream Decoder Sunblock Description 

SSTmto^b^ 

the empty space created by the barfe. IS 5J££ SEE S tSSTS.'T *" ^ t0 " P 
mto a command/arguments pair, which in turfil pasted 1 1 SSKS,? b " ^ * ^ 
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A dataflow block diagram of the stream decoder is shown in Figure 1 14. 
DRAM Interface Unit j 




EndOfBandStore 



StartOfBandStore 



Command Controfler 



Fiflure114. Stream decoder block diagram 



24.3. 6. 1 DecodeC - Decode Command 

The DecodeC logic encodes the command from bits 6 0 of th~ >,;» ^ 

mands: SKIP. VERTICAL and RUNIENGTh T*?^ „ a S * eam t0 0Utput one of *«• c ™- 

consumed, which feeds backTo S^f^t ^T '° **** h ° W T bits were 

as a medium runlength this tell the ^^2^? t,* ,ess ^ 3 1 - «oded 

length is decoded completely the LBdS«?SS h °7°f?, conunand containing this run- 

be a number of bits that represent un-compres^Ta^^Rn ^ T^ 8 *" **» will 

all these bits have been decoded su^SS^Z^^f *** ^THFOUGHmodc until 
or the line ends, which ever comes fin* * pr0grammed number of bits is reached 

24.3.6.2 DecodeD - Decode Delta 

S™fwi^ 

15 bit number, which is generally considered^b^ 111 w 3 ° D '* ° UtpUt - ^ out P ut «■ a 

*» for an A4 page and 19488 XXtt^t&SttSZ* * ^ "* ta " * 13824 

— p ge l ° r ^' 768 )> a 2 s complement representation of -3.-2.. 
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J3 



^wo* correctly for the data pipeline that follow, This unit also outputs how many bits were con- 
c^cycleaoWt^ 

^eZSH«K£ , £££ £jf f ™ ]e TVl dCC ° de * ^ M b1 ** - d white 
and the current comnS ^ kC6pS *** ° f nCXt 00,01 based ° n *e current color 



24.3.6.3 State-machine 



ssistasr - - ==^=^»J»,.ras«^ 

the'coimnwd'condtillM; ^ eC ° deS a 5£ff> command i the state machine provides two SK/P instructions to 
The RUNLENGTH command has two different run lenpth« n.,. .,„■„ i 

mand controller as separate RUNLENGTH foS^iTSS. ^ , ^ 8,6 passed ,0 com- 

passed, and the state machine s^ZIdkTd s^ Zuef^^ T^' ** "» ^ is 
fetch from the command controller snothTRUNLmSmZ^ i" * C 8600,1(1 inStmction 

24.3.7 Command Controller Sub-block Description 

2SSS2SKr F S; F" DeC ° dCrand >™ des < he unit 

ing address to look for tS next edle and £ ESL™ . !T ** «** ^ Unit with a 

«*_cc signal that is pSHaltaff iT*^ *" d<SteCtlng *" e " d ° f l ™ " nd *■ 

line and the first changing elemem on A e t f,^, , °' i^ 8 chan * in 8 element ° n *e coding 

respectively. * 8 ^ 0 ° rcfereace lme t0 * e n 8 ht of «0 and of the opposite color to aO 
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Stream decoder 



gojbd 
sfu_rdy 



UneJengOi 



JMBv^Hne^ source 
ignore, prey, line 



end_of_lln9 



8d_cotor 



AO 



i 



end of band unit 



f5 



command 



J 7lS 



State 
Machine 




color 



command controffar 



ne undone 



n 



neu.state 



blp , 



hon'zontaLend 



frrst_line.oLbanfi 



_oc_state 



-COtOf 



firsOu. 



.write 



^advance hortzonfaj 



Figure 115. Command controller block diagram 



24.3.7.1 State machine 



Doc: SoPEC^hardware^design 
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The following is an explanation of all the states that the state machine utilizes 
i START 

(Next Edge Unit), the «> (^SSLJ^S^ ST* ^ ^ ^ ^ ^ 
« AWAITJUFFER 

The contains a buffer memory for the data it receives fmm a. wt vw. .u 
enters this state the /v£C/ detects this and start^uffrn„T^t T SFU ' WhM the com ™™* controller 
state when the state machine in th^hSTnterS *!mu Tl^NG^T^I" * ^ 
mand controller can proceed to the PARSE t rtate NEU_RUNNING state. Once this occurs the corn- 

to' PAUSEjCC 

During the decode of a line it is possible for the FFFO in ttw» ((r „„ j 

DRAM is not able to supply reolacement It* L* deCoder t0 8« starved of data if the 

due to band pmcessingTaSjy* lU^ ot^lT^ SFU 03,1 3150 sta » 

decoder gets more of me co^ssed^L s^aT^ neCdS t0 pause until the ^ 

frames. All of the remaining sS ^ chtS^XSlt% M ^^ thC /™ CM reCeive 0r deliver n ^ 
decoder) or if sfiJM^fy gLTo^otd^ello'n ^ X^SSf'S^ ° f ** J"™ 
command controller enters to achieve this and it rW< ««Ti»!,!« ,u P i PA ySE_CC is the state that the 
both asserted and the LBD can recon^d^ ** ^ - 

n> PARSE 
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J3 



When in this state the command controller can receive one of four valid commands- 
a) Runlength or Horizontal 

tt™r^^ 

mand controller to wait foMn7 Line -Fill uS (EStt^* * * ? ^ * ' S neCCSSa, y for * e «m- 
changes into the WAITJOR^S^^JS^S^Z * ^ ^ C ° ntr0,,Cr 

trolier signals this to the rest of the LED and £ tt S/Se ^ C ° mmand ^ 

b) Vertical 

the current position in the £5252 fa t e n^Wwh ** J" - ?T ^ ' S White * looks ^ 
black. It is important to no*' that if a ^ ^ «*» *"» » 

ss a sirs Jr^aasrr ? *■ ve r — to — » 

element on the previous line for a VhSSfff^T^ 1 CUlrCnt ,me " relative to 4,16 
correspond <° *e - hits exira *om^ 

Skip 

c^^ commands hn^e color in the current line is not 

that the command contronerSa^Sef^S^ UkC T° S6parate sld P 

the current color in this case. K*arfW) commands and has been coded not to change 

d) Pass Through 

LBD can recommence nonnal SSSln aS ftt?? in StrCam decoder . 

color as the last bit in unimpressed^ '£2 m T mode is * e "™ 

command controller as each pass throuXom^d Se^ed " CXtra statc in ^ 

cessed in one clock cycle, command received from the stream decoder can always be pro- 

v WAIT_FORjamLENGTH 

£iSS£X^^ this means that the Line Fill Unit 

clock cycle the command controller ^ters into ne SBSS SKSSE?^ After *• first 
LENGTH to* has been consumed Once finished land r7? UNLE " G7W state all the *CW- 
controller will return to the PAUSE sttfe P " ,s not mc end of *e line the command 

W WAIT_FORJiE 

remains here until me edge is L^^K^S^S" t «» 
return to the PARSE state. ™ C Cnd of lme ** command controller will 
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J3 



v/# FINISHMNE 

At the end of a line the command controller needs to hold its data for th* <?ft i m«„ ~ • u , 




24.3.8 



Figure 116. State diagram for the Command Control/er (CC) state machine 
Next Edge Unit Sub-bJock Description 

SFU .nd i, buffer the p^STKn iZSZfZSfST^? "* » » e "«■*«* •» 

tro.ler that the edge h iiTSStK JSjSTEE iM!**" * ^ ^ " te " *• ConUnaad Con " 
iWl/ operates on 1 6-bit words 2E. S2£ Sa AereTs^o H C<>nStmCt ,he cunwt ,ine ' ™ e 
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tinue doing this until it finds an edee or reaches th* ~e *u 



15, 



^kJ_jd_color 



Line 
Unit 



wnirtis_zeno 



Command ControJfer 



15 



state 



control 
signals 



15 



j 



Stream Decoder 



15' 



detect 



prev_Bne_a 

pfBYjl/ie^b 
* £ 



16 



buffer 



pibuff_rdy 



-8fu_Jbd_pWata 

£ 



16 



J^dsfu_plarfvvvon 



Next Edge Unit 



todlsfU.advBne 



SFU 



Figure 117. Next Edge Unit block diagram 

24,3.8.1 NEU Buffer 



struct the current frame of the current line mommoa is needed from the previous line to con- 



a new 
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J3 



16 

use_prevjk>e_a 4 — 



16 

ose_prev_lJr»e.b 4 — 



pl_bufLrdy- 



r*1 



v 



16 
-A 



sfu_ttxJ_pidata 



PLbaff,rdy_dly 



Figure 118. Next edge unit buffer diagram 



24.3.8.2 NEU Edge Detect 
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I . 


use_prevjjne_a 


I 


15 




0 










I 




| 


transition,, wtob 


I 



] [ 



use_provJlna_b 



transition., btow 



coJor.neu 



19,' 19,' 



19 



7 



/ decode_b_ext & decode.b & F IRST flu WRJTE 
™f = 




masfcad.data 



encode, b_one,hot 



1^ 



encode.b^bit 
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blp 

Figure 119. Next edge unit edge detect diagram 

1 9 bit vector supplied and o^S a' * WaCk ^i* 0 "* ° CCUr » *• 

^ly thesameas^o^Zbuti^^ is function- 

and including aO are iTan^alf b LTe oT^el ST £ ^k'^ ^ bitS 

transitions be,ow fl0a re ignored and the faSSJS 2^ S£ X^S? **" "* 
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S3 



Table 109. Decodejb truth table 







0000 


111-1111111111111 


0001 


1111111111111110 


0010 


1111111111111100 


0011 


1111111111111000 


0100 


1111111111110000 


0101 


1111111111100000 


0110 


1111111111000000 


0111 


1111111110000000 


1000 


1111111100000000 


1001 


1111111000000000 


1010 


1111110000000000 


1011 


1111100000000000 


1100 


1111000000000000 


1101 


mooooooooooooo 


1110 


T 100000000000000 


1111 r 


1000000000000000 



Table 1 1 0- Decode_b_ext truth table 





1 WZZ7sSi\T~r<iz-t 




Vertical^) 


111 


VeiUcal(-2) 


111 


VeiUcai(-l) 


0T1 


OTHERS 


001 



is imaginarily set at a portion d^E^LS. i e,ement > <» «* coding line 

» only used by the NEUiUt is not -^^a^SfS^^STS^ ^"T" * 
asserted at the beginning of a line. 5 occurs wnen rlRST_FLU^WRlTE is '1 which is only 

element is coded". TbTn^^™ ™1 the imaginary changing element situated after the last acLu 
^attheendofali^.^ 

*" tat *~ « — «• - * * *e end 
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24.3.8.3 Encode_b_one_hot 

block. nansmon. Table lists the truth table outlining the functionally required by this 

Table 111. Encode_b_one_hot Truth Table 







XXXXXXXXXXXXXXXXXX1 


0000000000000000001 


XXXXXXXXXXXXXXXXX 1 0 


0000000000000000010 


XXXXXXXXXXXXXXXX1 00 


0000000000000000100 


XXXXXXXXXXXXXXX1 000 


0000000000000001000 


XXXXXXXXXXXXXX 1 0000 


0000000000000010000 


XXXXXXXXXXXXX1 00000 


00000000000001 00000 


XXXXXXXXXXXX 1 000000 


0000000000001000000 


XXXXXXXXXXX1 0000000 


0000000000010000000 


XXXXXXXXXX 1 00000000 


0000000 000100000000 


XXXXXXXXX 1 000000000 


0000000001000000000 


XXXXXXXX 1 0000000000 


000000001 oooooooooo 


XXXXXXX1 00000000000 


0000000100000000000 


XXXXXX1000000000000 


0000001000000000000 


XXXXX t ooooooooooooo 


0000010000000000000 


. XXXX100000000000000 


0000100000000600000 i 


XXX 1000000000000000 


0001000000000000000 


XX 100000000000 000 oo 


0010000000000000000 


X 1 oooooo ooooooooooo 


01 00000000000000000 


1000000000000000000 


1 000000000000000000 


ooooooooooooooooooo 


ooooooooooooooooooo 



24.3.8.4 Encode_b_4bit 

asserted the bit location in the vector is eZZeZZt T u r 8 P ^ ent ln *"* frame - If *«■ is a °" 




S3 Proprietary Document 



29 Nov 2002 
Page 321 



SoPEC : Hardware Design 



where x is the number that 



for V(n)blp *= x ♦ n raodulusie 



command. ™* extracted from the -one-hot- vector and n i S the vertical 



24,3.8.5 State machine 




Figure 120. State diagram for the Next Edge Unit (NEU) state machine 

The following is an explanation of all the states that the NEU tote machine utilizes. 
/ NEUJSTART 

« NEVJ?[LL^BUFF 

up its buffer with new da:a *om the 
completed it enters theM?^^^ ftamcs ^ the P revi ^ '-e. Once 

iii NEUJiOLD 
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TTteNEU waits in this state for one clock cycle while data requested fto m the SFU on the last access 
/v NEUJiUNNTNG 

v NEU_EMPTY 

the LBD. g deasserted. This occurs when the end_ofJine signal is detected from 
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24.3.9 



Line Fill Unit sub-block description 

when it has put together a comDlete 1 6 WH^m ♦ P *** by 40 Comman <l Controller and 

that the data's JL * ISS^^ t0 ^ ^ LBD *»* » 

SS?Sf 52 S ££££ "* — 1 - * — » . »« 



A dataflow block diagram of the line fill unit is shown in Figure 1 19. 



Next 
Edge 
Unit 



Stream 
Decoder 



1S, 



wnJnus_rero 



command 



command controller 



Machine 



line flu unit 



15 



4 Omit 



instate 



coior,seLl6t)ILH 
— * 



16V 



U/w_fitLdata 



work_sfu_woata 



ig, lbd_sfb_woata 



U>d_sfu_woatavaW 



lbd_sfu_adv<ina 



SFU 



Figure 121. Line fill unrt block diagram 

The dataflow above has the following blocks: 

24.3.9.1 State Machine 

The following is an explanation of all the states that the LFU state machine utilizes. 



/ LFUJSTART 



/V LFUJfEWJtEG 
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LFU_NEW_REC handles all the Ibdjju^data writes and asserts Ibd^JU.wdatavaltd as necessary 
m/ LFUjCOMPLETEJtEG 



to-— link i,pmm 



" 1WH IPW 7TH 




Figure 122. State diagram for the Line Fill Unit (LFU) state machine 

24.3.9.2 tine^fifLdata 

if Ufu.state == LFU_START) OR (If upstate == LFU NEW REO thnn 
work_sfu_wdata . color^sel 16bit If ~ "* then 

else 

work_e£u_wdatat(l5 - limit) downto limit] = 

color_sel_16bit_lf[<i5 - limit) doumto limit) 
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25 Spot FIFO Unit (SFU) 

25.1 Overview 

KStf^ PfOVideS ? meanS by Which " b«we« the LBD and the 

both the horizon*! S^^^SS^^S^ " SUpP ° rted * 

but may be programmed to be dirW ™ * ^ ^ W " 1,6 the "« ia both ^'^ons 

25.2 Main features of the SFU 

The SFU replaces the Spot Line Buffer Interface f«!T nn in pen -n. .• 

DRAM. "menace ^ L BI) m PEC1. The spot line store is now located in 

wi*h .f U bi,.. Tl» SFU to-rfta, »1 HCU ^»°wSon lr " " SFU * 
•o^FU ™* of DRAM w.,* a, or JZZ^^SZSXZXZ^ 

X and Y non-integer scaling of the bi-Ievel dot data is performed in the SFU 
♦-^^^ 

256 cycles. A single DIU read interface will h! ?w^^ *T ?* 256 Cycles ' 1 acc «® every 
DRAM. " * Sharcd for readm 8 * e current a„ d previous Iines from 
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25.3 Bi-level DRAM memory buffer between LBD, SFU and HCU 




high address 

> lbd_nextline_adr 

* lbd_prevline_adr 
hcu_readline_adr 
+ hcu_startread!ine_adr 

low address 





high address 
■> ibd_nextlrne_adr 

hcu_readline_adr 
lbd_prevline_adr 
hcu_startreadline_adr 

low address 



(b) 



Key: | ) Free buffer space 

IH FiMed buffer space accessed by LBD Interface FIFOs 

Fme <* B "for space read by HCU Read Line FIFO 
□ Filled Buffer space read by both HCU Read Una FJFO and LBD Interface FIFOs 

Figure 123. Bi-level DRAM buffer 

before the HCU read line address in DRAM. previous line address reading 

The SFU interfaces to DRAM via three FIFOs: 

a. The HCUReadLineFlFO which supplies dot data to the HCU 

b, The LBDNextLineFIFO which writes decompressed bi-level data from the LBD 
..The LBDPrevLineFIFO which reads previous decompressed bi-level data for the LBD 

There are four address pointers used to manage the bi-level DRAM buffer 

*.hcu_readline_adrr21:5) is the read address in DRAM for the HCUReadLineFlFO 
^!SSSE£a5g l;J7 " ^ ~* ^ in DRAM f ° r *• c — read b y 
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25.4 



c.lbd_nextline_ a drpi:5] is the write address in DRAM for the LBDNextLineFIFO 
4.lbd_pre V line_adr[2l:5] is the read address in DRAM for the LBDPrevLineFlFO. 
The address pointers must obey certain ruJes which indicate whether they are valid- 
'^- re ^r ne - a f^, 1: , 5 / iS 0nly wBd if il * » ^ «*> than 

JE££S£Ei" wri,ing ie - = *c^-«Wwy 

""m ST 1 !! 1* CUirent liDe ,he HCU is reading from i.e./,//_^, a ««irv a //rf = 

lbd_nextlme_adrpi;5] 1= hcu_startreadline_adrpi:5]. ""aarvaiia 

c. The LBDNextLineFIFO must be writing earlier in the line than LBDPrevLineFlFO is read™ 
lbd_nexthne^dr[21:S] M lbd_prevline_adr[21:5) AND hcujstartreadline 7 valid 

^falZ^Tf^ 0 ^ UP l ° ^ address LBONextLine'nFO is writing f e 

pltadrvahd - lbd_prevline_adr[21:5] /= lbd_nextline_adrf2J.SJ. 8 

e. At startup i.e. when ^_go is asserted, the pointers are reset to start sfU adrf2J 57 The <w 

f. The address pointers can wrap around the SFU bi-levei store area in DRAM. 
As a guideline, the typical FIFO size should be a minimum of 2 lines stored in nuAW 

up to a programmable number of lines. A larger buffer Zws linTto^lclmn^ r T * 3 ^ 
can be useful for absorbing local comp.exiti« in comp^rbSi^geT ? " ^ 

DRAM ACCESS REQUIREMENTS 

J^S^ESSg™ 1 ^ «-*~ ™" »" is shared between the 

The spot line store requires 5.1 Kbytes of DRAM to store 3 A4 lines The <5FT J win . a . 

The SFU's DIU bandwidth requirements are summarized in Table 112. 



Table 112. DRAM bandwidth requirements 




1 : Two separate reads of 1 bit/cycle 
2: Write at 1 bit/cycle. 



25.5 SCALING 



factor represented by a T^T^ ** 

the numerator should be greater than or equal to the denominator. !^ K^^SS^ 
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Zt O^cdfng) PSeUd0C ° de bd0W advance P u,se is 8 enerated to ™>ve to the next dot (x-sca!ing) or 

if (count + denominator >= numerator) then 

count o (count + denominator) - numerator 

advance = 1 
else 

count = count * denominator 
advance = 0 

X scaling controls whether the SFU supplies the next dot or a copy of the current dot when the HCU 

£E^ U ?^*** ^r 15 *" DUmber * fcKtfuJL ^als from the HCU When the 
SFU has supplied an entire HCU line of data, the SFU will either re-read L current line from DRAM or 
advance to the next l.ne of HCU read data depending on the programmed Y scale factor 
An example of scaling for numerator - 7 and denominator = 3 is given in Table 1 1 3. The signal advance if 
asserted causes the next ,nput dot to be output on the next cycle, otherwise the same input dTis ou*m 

Table 113. Non-Integer scaling example for scaleNum = 7, scaleOenom = 3 





mm 


m 


0 


0 


1 


3 


0 


1 


6 


I 1 


1 


2 


0 


2 


5 


1 


' 2 


1 


0 


3 


4 


1 


3 


j 0 


0 


4 


3 


0 


4 


6 


1 


4 I 


2 


0 


5 ;' 



25.6 Lead-in and lead-out cupping 

LTI^dlJ^ WhCre &m ^ ^ S ° PEC dCViceS - ™ ch ^ own portion of a dot- 

SoPE? •£ Hot « Hi k C K° l be ,T hCated * C t0tal scale - ft «or number of times by an individual 
ta kiriJ^ dot will ultimately be scaled-up correctly with both devices doing part of the scaling, one on 

1 ^ ? * 6 Ofl j e o° n US lead ^ SMled up dots on the lead -out, i e. which go beyond the HCU line 

At the start of each line c««r in the pseudo-code above is set to XstartCount. ff thereis no lead-in Xztart- 
set to the appropriate value of count in the sequence above. 
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25.7 Interfaces between LDB, SFU and HCU 



DIU 



% sfujbd_pld ita IS 



LBD 



lbd_sfu _plac /word 



Jbd.sfu_.adv ne 



sfu_lbd_rd^ 



lbd_sfg_w<k ta 18 



lbd_sfu_wd; tavalid 



lbd_sfu_adv fne 



DIU Interface 
and 
Address 
Generator 



I 



Previous Una 
FIFO 



rtff_i 



.rdy 
rdy 



NextUne 
FIFO 



Current Una 
FIFO 



SFU 



hey .sfu. 



t sfu. 


ncu_sdata 


sfu. 


hcu_avali * 



HCU 



Figure 124. Interfaces between LBD/SFU/HCU 

25.7.1 LDB-SFU Interfaces 

Se l D S interfaCCS t0 SFU * ^ LB ° WritCS *• neXt lbe to the SFU ™> ^ads the previous 

25. 7. 1. 1 LBDNextLineFIFO interface 

^ LB ^ L ^f^0^ace from the LBD to the SFU comprises the following signals- 

• Ibdjsfiijwdata, 16-bit write data. 

• lbd_sfu_wdatavalid t write data valid. 

• lbd_sfii_advline, signal indicating LDB has advanced to the next line. 
J£££ji£T WritC t0 ^ UDtil " ^ ^ LBD ~ *«*« s *» "•*»« ^ the 

25.7.1.2 LBDPrevUneFIFO Interface 

The previousline read buffer interface from the LBD to the SDU comprises the following signals: 
lbd_pju_pladvwordi signal indicating to the SFU to supply the next 1 6-bit word. 

• lbd_jsju_advline, signal indicating LDB has advanced to the next line. 
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Previous line data is not supplied until after the first lbd_sfit__advline strobe from the LBD (zero data is 
supplied instead). The LBD should not assert lbd_?fu_pladvword unless sju_lbd_rdy is asserted 



sfiijdb_rdy indicates to the LBD that the SFU is available for writing. After the first Ibd^sjujidvline and 
before the number of Ibdjsju^pladvword strobes received is equivalent to the LBD line length, 
sfujdb_rdy indicates that the SFU is available for both reading and writing. Thereafter it indicates the 
SFU is available for writing. 

The LBD should not generate lbdjsju_pladvword or lbd_fju_advline strobes until sfitjdb _rdy is asserted 



The interface from the SFU to the HCU comprises the following signals; 

* sfujxcujsdata, 1 -bit data. 

• sfujtcu_avail, data valid signal indicating that there is data available in the SFU HCUReadLine- 
FIFO. 

The interface from HCU to SFU comprises the following signals: 

♦ hcu_rfu_advdot t indicating to the SFU to supply the next dot 

The HCU should not generate the hcu_sfii_advdot signal until sfujxcujxvail is true. The HCU can there- 
fore stall waiting for the sjujicu_avail signal. 



25. 7, 1. 3 Common Control Signals 



25.7.2 SFU-HCU Current Line FIFO Interface 
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25.8 Implementation 



25.8.1 Definitions of IO 

Table 114. SFU Port List 




8fu_dJu_rreq 



sfu_diu_radr(21:5l 



dfu__sfu_rack 



diu_data[63:0J 



dfu_sfu_rvafid 



DID Write Interface signals 



64 



Out 



In 



In 



In 



SFU requests DRAM read. A read request must be accom- 
panied by a valid read address. 
Read address to OIU — — — 
17 bits wide (256-bit aligned word). 



Acknowledge from DIU that read request has been 
accepted and new read address can be placed on 

sfu_diu_radr. 



Data from DIU to SoPEC Units. 
First 64-bits are bits 63:0 of 256 bit word. 
Second 64-bits are bits 127:64 of 256 bit word. 
Third 64-bits are bits 191 :1 28 of 256 bit word. 
Fourth 64-bits are bits 255:192 of 256 bit word. 



Signal from DIU telling SoPEC Unit that valid read data is on 
the diujdata bus. 



sfu_diu__wreq 



sfu_diu_wadrI21:5l 



dfu_8fu_wack 



sfu_diu_data(63:0] 



sfu_diu_wvalid 



17 



64 



PCU Interface data and control signals 



Out 



Out 



in 



Out 



Out 



SFU requests DRAM write. A write request must be accom- 
panied by a vafld write address together with valid write data 
and a write valid. 



Write address to DIU 

17 bits wide (256-bit aligned word). 



Acknowledge from DIU that write request has been 
accepted and new write address can be placed on 
sfu_diu_wadr. 



Data from SFU to DIU. 
Firs* 64-bits are bits 63:0 of 256 bit word. 
Second 64-bits are bits 127:64 of 256 bit word. 
Third 64-bits are bits 191:128 of 256 bit word. 
Fourth 64-bits are bits 255:192 of 256 bit word. 



Signal from PEP Unit indicating that data on sfu dhj data la 
valid. ~~ 



pcu_addrf5:2] 



pcu_dataout(31:0I 



sfu^pcu^datain[31 :0J 



pcu_rwn 



PCu_Bfu_sel 



32 



32 



In 



In 



Out 
In 
In 



PCU address bus. Only 4 bits are required to decode the 
address space for this block 



Shared write data bus from the PCU 



Read data bus from the SFU to the PCU 



Common read/not-write signal from the PCU 



Block select from the PCU. When pcu_sfu_$et is high both 
pcu^addr and pcujda taout are valid 
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sfu_pcu_rdy 


1 


Out 


Ready signal to the PCU. When sfu^pcu^rty fs high It Indi- 
cates the last cycle of the access. For a write cycle this 
means pcu_dataout has been registered by the block and 
for a read cycle this means the data on sfu _pcu_datain is 
valid. 


LBD Interface Data and Control S 


JgnaJs " " ~ 




1 


Out 


Signal mdlcation that SFU has previous line data availab/e 
and Is ready to be written to. 


lbd_sfu_advJine 


1 


In 


Une advance signal for both next and previous lines. 


lbd_sfu _pladvword 


1 


In 


Advance word signal for previous line buffer. 


sfujdb_pldata[15:0) 


16 


Out 


Data from the previous Une buffer. 


lbd_sfu_wdata(1 5:0] ~ I 


16 


in 


Write data for next line buffer. 


lbd_sfu_wdatavalid 


1 


In 


Wnte data valid signal for next line buffer data. 


HCU Interface Data and Control Signals 


hcu_sfu_advdot 


1 


In 


Signal indicating to the SFU that the HCU is ready to accept 
the n ext dot of data from SFU. 


sfu_hcu_sdata 


1 


Out 


BHevel dot data. 


sfu_hcu_avall 


1 


Out 


Signal indicating valid bHevei dot data on sfu hcu sdata. 




I 

I 
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25.8.2 Configuration Registers 

Table 11 5. SFU Configuration Registers 




0x04 



Resel 



Go 



Setup registers (constant for during processing the page) 



0x1 



0x0 



A write to this register causes a reset of 
the SFU. 

This register can be read to indicate the 
reset state: 

0 - reset in progress 

1 - reset not In progress 



Writing 1 to this register starts the SFU. 
Writing 0 to this register halts the SFU. 
When Go is deasserted the state- 
machines go to their idle states but all 
counters and configuration registers keep 
their values. 

When Go is asserted all counters are 
reset, but configuration registers keep their 
values (i.e. they don't get reset). 
The SFU must be started before the LBO 
Is started. 

This register can be read to determine if 

the SFU is running 

(1 - running. 0 - stopped). 



0x08 



OxOC 



0x10 



0x14 



0X18 



OxIC 



0x20 



0x24 



0x28 



0x2C 



HCUNumDots 



HCUD RAMWords 



LB DN urn Words 



StartSfuAdrf21:5l 

(256»bit aligned DRAM address) 



EndSftiAdrt21 :5J 
(256-bit aligned DRAM address) 



XstartCount 



16 



12 



17 



0x0000 



0x00 



0x000 



Width ofHCU line (in dots). 



Number of 256-bit DRAM words in a HCU 
line. 



17 



XscaieNum 



XscaleDenom 



YscalelMum 



YscafeDenom 



Work registers (PCU has readonly access) 



0x0000 
0 



0x0000 
0 



0x00 



Number of 16-bit words in an LBD line. 
(LBD line length must be a multiple of 16 
bits). 



First SFU location in memory. 



Last SFU location In memory. 



0x01 



0x01 



0x01 



0x01 



Value to be loaded at the start of every line 
into the counter used for scaling in the X 
direction. Used to control the scaling of the 
first dot in a line. 

This value will typically equal zero, except 
in the case where a number of dots are 
clipped on the lead in to a line. 



Numerator of spot data scale factor in X 
direction. 



Denominator of spot data scale factor in X 
direction. 



Numerator of spot data scale factor in Y 
direction. 



Denominator of spot data scale factor In Y 
direction. 
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Table 115. SFU Configuration Registers 




0x30 



0x34 



0x38 



HCUReadLineAdrf21 ;5] 
(256-bit aligned ORAM address) 



HCUStarlReadUneAdr(21 :5] 
(256-bit aligned DRAM address) 



17 



0x3C 



LBDNextUneAdr(21 :5] 
(256-bit aligned DRAM address) 



LBDPrevUneAdrf21:5] 
(256-bit aligned ORAM address) 



17 



17 



17 



mm 
mm 




Current address pointer in ORAM to HCU 
read data. Read only register. 



Start address In DRAM of line being read 
by HCU buffer in ORAM. Read only regis- 



Current address pointer in DRAM to LBO 
write data Read oniy register 



Current address pointer in DRAM to LBD 
read data. Read onty register 
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25.8.3 SFU sub-block partition 



pcu.n 

pcxj_addr[5:2J-J— ► 
pcu_dataoutpi:0] 
sfu _pcu_dataf 3 1 O}^] — 
siu_pcu_n 



LBD 



Ibd_sf( _pladwword 



lbd_si j. 



Ibd.su 



PCU 
Interface 



6 



sfu_go (to aO sub-blocks) 
ncu_num_dots ~ ^ 



__ > ncu_tfram_word3 
~**s tbd^num.words ~ 



17^ sta/t_sfu,adr 
1?> end_sfu_adr~ 



ncu_readOne_adr 17 



hcu^startreadHna^adr f> 



Jbd_nextfina^adr 



lbd_prevnne_adr 



xstart_co*jnt fl 



4^ 



xscale^num 



Kscale.denom 



yscale_num 
yscale_denom 



tt*Ls u^advgne 



lbd_num_words 

* > 



LBD Previous 
Line FIFO 



_ptUdy 



n'Ody 
uwdata 16 



.wdatavaild 



HCU 



hcu. 



Jbd_sfu_advfine 



Ibd_nu m_wor ds 



LBD Next 
Line FIFO 



sficadvdoi 



sfu 


1 * 

.ocu.sdata 1 


6f 

4 


i_hcu__avaU 



SFU 



HCU Read 
Line FIFO 



plf_dJurack 


► 


pH_diurdata 34 
4 


pJf_dhj/vaJid 


pfLdfuJdle 




p 


nlf_diuwroq 




nfl_dluwack 


» 


nlf_djuwdata 64 ^ 


ntf^dfuwvalkJ ' 






» 


hrf_hcu_andofltne 




hrf_xadvaneo 
4 


1 


rvf_diurreq 




hrf_diurack 


* 




hrf.dlurvafld ' 


hrf_rfjuWTe 
- 



DIU 

Interface 
Address 
Generator 
Unit 
(DAG) 



- sfu_diu_wreq 

► sfu_dlu__wadrt21:5) 

► sfu - dJu_date[83:0) 

► sfu_dlu_wvalid 
-d3u_sfu_wack 



► sfu.dlu^rroq 

►sfu_dJu_rad42l;5] 

•dlu_8fu_dataja3:0J 

'dlu.sfu.rvalfd 

*dlu_6fu_rack 



Figure 125. SFU Sub-Block Partition 
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The SFU contains a number of sub-blocks: 







ruu i menace 


PCU interface, configuration and status registers. Also generates the Go 
and the Reset signals for the rest of the SFU 


LBD Previous line 
FIFO 


Contains FIFO which is read by the LBD previous line Interface. 


LBD Next Una FIFO 


Contains FIFO which is written by the LBD next line interface. 


HCU Read Une 
FIFO 


Contains FIFO which is read by the HCU interface. 


DIU Interface and 
Address Generator 


Contains DIU read Interface and DIU write interface. Manages the 
address pointers for the bWevel DRAM buffer. Contains X and Y scaling 
logic. " 



The various ^©sub-blocks have no knowledge of where in DRAM their read or write data is stored. In 
this sense the FIFO sub-blocks are completely de-coupled from the bi-level DRAM buffer All DRAM 
address management is centralised in the DIU Interface and Address Generation sub-block. DRAM access 
is pre-emptive i.e. after a FIFO unit has made an access then as soon as the FIFO has space to read or data 
to wnte a DIU access will be requested immediately. This ensures there are no unnecessary stalls intro- 
duced e.g. at the end of an LBD or HCU Une. 

There now follows a description of the SFU sub-blocks. 



25.8.4 PCU Interface Sub-block 



t?me P SFU^SS J^"* *' CPU " SFU * readin S « 
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25.8.5 LBOPrevLineFJFO sub-block 



mm 



Internal Output 



Table 116: LBPPrevJLineFIFO Additional IO Definitions 



plf_rdy 

DIU and Address Generation sub 


1 

-block SJg 


Out 
naJs 


SlgnaJ Indicating LBDPrevLineFIFO is ready to be read 
from. Until the first tbd_sfu_advUne for a band has been 
received and after the number of lbd_sfu _pladvword strobes 
received for a line Is equal to LBDNumWorxis, pif ray Is 
always asserted. During the second and subsequent fines 
pJLntyla deasserted whenever the LBDPmvUneFIFO is 
empty. 


plf_diurreq 


1 


Out 


Signal Indicating the LBDPreviJneFiFO has 256-bits of data 
free. 


pff_diurack ~" 


1 


In 


Acknowledge thai read request has been accepted and 
plf diurreq should be de-asserted. 


plf.dlurdata 

plLdiurrvafid i 
plf_dfuidle "~ " 


1 

1 

1 i 


In 

In | 
Out | 


Data from the DIU to LBDPrevLineFIFO, 

First 64-bits are bits 63:0 of 256 bit word. 

Second 64-bits are bits 127:64 of 256 bit word. 

Third 64-bits are bits 191:128 of 256 bit word. 

Fourth 64-bits is are 255:192 of 256 bit word. 

Signal Indicating data on ptf^diurdata Is valid. 

Signal indicating DIU state-machine is in the IDLE state. 



25.8.5.1 General Description 

^J^TlZ UneF J F ° Sub - block «>^Prises a double 256-bit buffer between the LBD and the DIU Inter- 
* 1 Z?r C ™T T 8Ub - bl0Ck ' ^ FIF ° is ^^nted as 8 times 64-bit words. The FIFO is 
written by the DIU Interface and Address Generator sub-block and read by the LBD 
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LBD 
efu,(bd _pfdata <4- 



16 



word_sete«' 



tod_sfu_ptadvword 



fbd_sfu_advflne 



tbd_num_word3 12 

— ; — • y h 



Ptf-rdy 



64 



8 word 
64-bit FIFO 



read 



write 



1£ 



j 'road_adr writ©,. 



ZEftO 



64 

—7^ pILdiurdata 



wrtte.adr 



FIFO control 
logic 



ptLdiurreq 



p«_dlurack 



^ pH-dhirvall d 



Figure 126. LBDPrevUneFlfo Sub-block 

Whenever 4 locations in the FIFO are free the FIFO will request 256-bits of data from the DIU Interface 

r^?™ t °. thC FIF ° 35 64 " bitS on Plf-diurdata[63:0] over 4 clock cycles The signal 

7^111?^!^ ^ -^' f t0 mCTement the FIFO ™* address . "rite_adrp:0]. If theW 
PrevUneFlFO stil\ has 256-bits free \hm plf_diurreq should be asserted again. 

^^[yj°^ CC .^ d A^ 88 Generation sub-block handles all address pointer management and DIU 
interfacing and deodes whether to acknowledge a request for data from the FIFO. 



pclk 
plf_diurreq 
plf_diurack 
plf_diurvalid 
plf_diurdata[63:0] 




1 1 1 2 1 3 r 



J 



Figure 127. Timing of signals on the LBOPrevLlneFIFO Interface to DIU and Address Generator 

The state diagram of the LBDPrevLineFIFO DIU Interface is shown in Figure 128. If sjueo is deasserted 
then the state-machine returns to its idle state. " W-go is oeasserted 
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resat-=Q 



sfu^oo=0 
Idle 



diuldfe = 1 



256-bitBfrefl fn FIFO 



Request"^ dlurreq ^ 1, diuidle =o 
| dfurack=l 

^ Ack ^ dlurreq = 0 
DataO ^ 



^ Datal 



dlnrvaiKJ==i 



^ Data2 ^ 



diurvaftd^l 



Data3 ^ 

Figure 128. Timing of signals on LBDPrevLineFIFO interface to DIU and Address Generator 

The LBD reads 16-bit wide data from the LBDPrevLineFIFO on sju IbdoldataflSO) 
lbd^_pladvword from the LBD tells the LBDPrevLineFIFO to supply the next 16-bit word. The FFFO 
control logic generates a ^sijmal word^elect which selects the next 16-bits of the 64-bit FIFO word to out- 
52 I ^Jbd^ldata[l5:0l When the entire current 64-bit FIFO word has been read by the LBD 
lbd_sfu_pladvword will cause the next word to be popped from the FIFO. 

Previous line data is not supplied until after the first lbd_sju_advline strobe from the LBD after sju eo is 
asserted (zero data is supplied instead). Until the first lbd_sju_advline strobe after steo 
\bd_ffu_pladvword strobes are ignored. 7 

The LBDPrevLineFIFO control logic uses a counter, pladvword_count[l 1:0). to counts the number of 
^.^^^ strobes received for the line. The pladword_count counter is reset to 0 by 
LBDNu'n^orX Whcn number of ^sju^iadvword strobes received is equal to 

The LBDPrevLineFIFO generates a signal plf^dy to indicate that it has data available. Until the first 
lbd^Ju_advlme for a band has been received and after the number of Ibd^Ju^pIadvword strobes received 
for a hue „ equal to LBDNum Words t plf^rdy is always asserted. During the slcond and subsequinr/inS 
plLrdy is deasserted whenever the LBDPrevLineFIFO is empty sequent lines 

I? 5 ™ " T 6 f ° r iS" fCad fr ° m DRAM Can COntain cxtra w ^h should not be output to 

«f i l?! iV^^T , -T Mm Z^ 0 ^ may not ftt exactI * into a 256 " bit °RAM word. When the count 

LineFIFO must adjust the FIFO read address to point to the next 256-bit word boundary in the FIFO. This 
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settTng al7o*er toT ^ ""^ ,S CSUCUlated * the MSB of *• »«Lp* and 



if <pladvword_count lbd_nura^words> then 
read_adr [1:0] * bOO 
read_adr[2] = -read_adr[2] 

25.8.6 LBDNextLineFIFO sub-bJock 

Table 117. LBDNextLineFIFO Additional 10 Definition 





!£H 




rtlf_rdy 

01 U and Address Generation sub 


t 

►-block Slg 


Out 
nals 


Signal indicating LBDNaxtUnaFlFO is ready to be written to 
i.e. there is space in the FIFO. 


nlf_diuwreq 


1 


Out 


Signal indicating the LBDNextLineFIFO \\&* 256-bits of data 
for writing to the DIU. - - * 


nlf.diuwack 


1 


In 


Acknowledge from DIU that write request has been 
accepted and write data can be output on nit diuwdata 
together with ntf_diuwvaiid. 


nlf_diuwdata 
nlf_dfuwvalfd 


1 
1 


Out 
In 


Data from LBDNextLineFIFO to DIU Interface 
First 64-blts Is bits 63:0 of 256 bit word 

Second 64-Wts is bits 1 27:64 of 256 bit word ' 
Third 64-bits Is bits 191 :1 26 of 256 bit word 
Fourth 64-blts is bits 255:1 92 of 256 bit word 
Signal Indicating that data on wtf_dluwdata Is valid. 



25.8. 6. 1 General Description 

tf ? N £* LineF J F ° SUb " bl ° < ? k ^P™ 65 a double 25 *- bit b^r ^tween the LBD and the DIU Inter 
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S3 



sfu_wdata_rog 



IW_sfu_wdata 



16 



£0. 



word^sefect > 



lbd_sfu_wvaJid 



ft>d_sfu_advJino 



tod_pum_worda 12 



nlf_rdy 



64 



8 word 
64-bit FfFO 



wnte 

A A 



read 



.ad/ 



write_en 



64 

► nH.dliwvdata 



FIFO control 
logic 



nlf_dluwreq^ 



nff_dluwack 



nff_dluwva[?d 



Figure 129. LBDNextUneFlfo Sub-block 

Whenever 4 locations in the FIFO are full the FIFO will rentier ?<;^ite ~r . ^ 




n!f_wdiudata[63:0} [ 
nILdiuwvalid 

Figure 1 3D. Timing of signals on LBDNextUneFIFO fnterface to DIU and Address Generator 

The state diagram of the LBDNextUneFIFO DIU Interface is shown in p;^,^ n , rr * 

then the state-machine returns to its idle state. ^ ' 3 1 " If sfii -*° u ******** 
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S3 



£Q=eQ 



256-brta tn F|pQ 



^ Request ^ dluwreq * 1 
Ack ^ diuwreq = 0 



T 



DataO 



c 

^ Datal 



3 



3 



dluwvaJid=1 



diuwvalkJM 



^ Oata2 ^ 



^ Data3 ^ 



diuwvaJid=1 



diuwvalkJ=1 



Figure 131. LBDNextUneRFO DIU Interface State Diagram 

The si^\ nlf_r<fy indicates that the LBDNextLineFIFO has space for writing by the LBD The LBD 
writes 6 : bn w ld e data supplied on lbd^Juj^ata[l5:0 h Ibdjju^alid indicates 7 that S3Jb J3f 
The data is collected to make up a 64-bit word before being written to the FIFO. 

The LBDNextLineFIFO ^control logic counts the number of Ibd^wvalid signals. The /W^/u wvate/ 
I ZZ !!L7SS t^*-*? 1 '" - d indic *« -°en the number of/ M JTv^^ 



25.8.7 sfu Jbd_rdy Generation 



SDSzC^a' 1 * " SeneKlted ^ ANDing ^*' from * e "WWtaWTO and n//^fy from the 

LtfUNextLineFIFO. After the first lbdj/u_advlme and before the number of lbd*fi,_nladvword strobes 
received ,s equivalent to the line length, s/U_ldb_r<fy indicates that the SFU is «v^Ebte S*S ret£g 
Kj^there ,s data m the ^DPr^^O, and writing. Thereafter it indicates the SFU is availSTfor 
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25.8.8 LBD-SFU Interfaces Timing Waveform Description 

In Figure 1 32 sju wdata_reg is the register in the SFU that registers the data written from the LBD and 

The main points to note from Figure 1 32 are- 

. The data i on i lbdjfu_wdata is valid and this is indicated by Ibd sfu wdatavalid beine asserted 

' cvcli°4 Ck S C o y '! e c , 3 t Jb ?-?L iS de T 5rtCd h0wever ,hc L BD can not react to this signal until clock 
SXni^ . u ^ . 3 therC ,S 3150 valid fi^ 51 " *e LBD which is captured in clockTc e 4 ov 
SK, ? a H a " 8 * C last J avai,ab,e ,ocati °° mailable in the FIFO in the SFU In cS cjcte 4 £ 
LBD has entered a pause mode and waits for sfu_lbd_rdy to be asserted again 

' £-^21 lt2 CydC 7 PL" -- •* C ' 0Ck CyCl6 >' ^ tWs ««• once the SFU can 



ovciidno t : 
Scenario 2: 

s/u Jbd_rdy will go low when there is still I piece of data in the FIFO If there i, „« jm / j. "_, 
sfiijbd_pldata[l 5:0]. ' J/M - ,ao - /,(9 ' W1U 8586,1 a g*n, and so the data will appear on 



Scenario 3: 



tl^l-l^T !° W "J 6 " thCrc iS StiI1 ta sti " 1 of data in the FIFO If there is no 
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Read from SFU to LBD 




9 j 10 

Figure 132. Signal waveforms between LBD and SFU 
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25.8.9 HCUReadLlneFIFO sub-block 

Table 118. HCUReadUneFiFO Additional IO Definition 









DIU and Address Generation sub-block Signals aBsasg fcm 


hrf_xadvance 


1 


In 


Signal from horizontal scaling unit 
1 - supply the next dot 
1 - supply the current dot 


hrf_hcuendofline 


1 


Out 


Signal lasting 1 cycle indicating then end of the HCU read 
Gne. 


hrf_diurreq 


1 


Out 


Signal Indicating the HCUReadUneFiFO has space for 256- 
bits of DIU data. 


hrf_diurack 


1 


In 


Acknowledge that read request has been accepted and 
hrf_diurreq should be de-asserted. 


hrf_diurdata 


1 


In 


Data from HCUReadUneFiFO to DIU. 
First 64-bits are bits 63:0 of 256 bit word. 
Second 64-bits are bits 127:64 of 256 bit word. 
Third 64-bits are bits 191 :128 of 256 bit word. 
Fourth 64-bits are bits 255:192 of 256 bit word. 


hrf^dkxrvalid , 


1 


In 


Signal indicating data on pltdiundata is valid. 


hrf_diuidle 


1 


Out 


Signal indicating DIU state-machine is In the IDLE state. 



25.8.9.1 General Description 

The HCUReadUneFiFO sub-block comprises a double 256-bit buffer between the HCU and the DIU 
Interface and Address Generator sub-block. The FIFO is implemented as 8 times 64-bit words. The FIFO 
is written by the DIU Interface and Address Generator sub-block and read by the HCU. 



LBD 

sfu_hcu_scfata -4~ 



64 



^sfu_hcu_avaU j 


hcu_sfu_advdot 






hcu_nurn_dot3 ie 




hrf„xadvance 




^rirf_hcu_endofllne 


-> 



8 word 
64-bit FIFO 



read 
~z — 



wnte 



bft_sel*ci / V road.adr 



64 



-hrf_dhjrdata 



/'3 



wriie_adr 



FIFO control 
logic 



hrf_<lhjiTeq 
hif. 



hrfdfyryaBd 



Figure 133. HCUReadUneFifo Sub-block 
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The DIU Interface and Address Generation (DAG) sub-block interface of the HCUReadLineFIFO is iden- 
tical to the LBDPrevLineFIFO DIU interface. 

Whenever 4 locations in the FIFO are free the FIFO will request 256-bits of data from the DAG sub-block 
by asserting hrf_diurreq. A signal hrf_diurack indicates that the request has been accepted and hrfjdiurreq 
should be de-asserted. 

The data is written to the FIFO as 64-bits on hrf_diurdata[6S:0] over 4 clock cycles. The signal 
hrfjdiurvalid indicates that the data returned on hrf_diurdata[63:0J is valid, hrfjiiurvalid is used to gen- 
erate the FIFO write enable, write^en, and to increment the FIFO write address, write_adr[2:0]. If the 
HCUReadLineFIFO still has 256-bits free then hrfjdiurreq should be asserted agaia 

The HCUReadLineFIFO generates a signal sju_hcujavail to indicate that it has data available for the 
HCU. The HCU reads single-bit data supplied on sjujicu^data. The FIFO control logic generates a sig- 
nal bit select which selects the next bit of the 64-bit FIFO word to output on sjujxcu^data. The signal 
hcujsfa^advdot tells the HCUReadLineFIFO to supply the next dot (hrf^jcadvance ° 1) or the current dot 
(hrf "^advance =» 0) on sjit_hcu_sdata according to the hrfjcadvance signal from the scaling control unit in 
the DAG sub-block. The HCU should not generate the hcu^sfujxdvdot signal until sju_hcu_avail is true. 
The HCU can therefore stall waiting for the sfujicu_avail signal. 

When the entire current 64-bit FIFO word has been read by the HCU hcu _jJu_advdot will cause the next 
word to be popped from the FIFO. 

The last 256-bit word for a line read from DRAM and written into the HCUReadLineFIFO can contain 
dots or extra padding which should not be output to the HCU. A counter in the HCUReadLineFIFO, 
hcuadvdot_countfJ5:OJ, counts the number of hcujsfujadvdot strobes received from the HCU. When the 
count equals hcu^num_dotsfJ5:0J the HCUReadLineFIFO must adjust the FIFO read address to point to 
the next 256-bit word boundary in the FIFO. This can be achieved by considering the FIFO read address, 
read_jadrf2:0], will require 3 bits to address 8 locations of 64-bits. The next 256-bit aligned address is cal- 
culated by inverting the MSB of the read_adr and setting all other bits to 0. 

If |hcuadvdot_count == hcu_num_dots > then 
read^adr [ 1 : 0 ) c bOO 
r<sad_adrC21 = -read_«dr [2 ] 

The DIU Interface and Address Generator sub-block scaling unit also needs to know when 
hcuadvdotjcount equals hcujnum^dots. This condition is exported from the HCUReadLineFIFO as the 
signal hrfjicuendqfline. When the hrfjicuendofline is asserted the scaling unit will decide based on verti- 
cal scaling whether to go back to the start of the current line or go onto the next line. 

25.8.9.2 DRAM Access Limitation 

The SFU must output 1 bit/cycle to the HCU. Since HCUNumDots may not be a multiple of 256 bits the 
last 256-bit DRAM word on the line can contain extra zeros. In this case, the SFU may not be able to pro- 
vide 1 bit/cycle to the HCU. This. could lead to a stall by the SFU. This stall could then propagate if the 
margins being used by the HCU are not sufficient to hide it. The maximum stall can be estimated by the 
calculation: DRAM service period - X scale factor * dots used from last DRAM read for HCU line. 
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25.8.10 D1U Interface and Address Generator Sub-block 



Table 119. DIU Interface and Address Generator Additional IO Description 





BR 


I'^mMMMmmmmmi 


Internal LBDPrevLlneFIFQ Inputs 


pff_diurreq 




In 


Signal indicating the LBDPrevUneFIFO has 256-bits of data 
free. 


pILdlurack 




Out 


Acknowledge that read request has been accepted and 
pUjdiuneq should be de-asserted. 


plf_diurdata 




Out 


Data from the DJU to LBDPrevUneFIFO. 
First 64-bits are bits 63:0 of 256 bit word 
Second 64-bits are bits 127:64 of 256 bit word 
Third 64-bits are bits 1 91 :128 of 256 bit word 
Fourth 64-bits are bits 255:1 92 of 256 bit word 


plf_dlurrvalid 




Out 


Signal indicating data on ptf_diurdata is valid. 


pif.diukfle 




In 


Signal indicating DIU state-machine is in the IDLE state. 


(ntemaJ LBDNextUneRFO J n puts 


nlf_diuwreq 




In 


Signal indicating the LBDNextLineFIFO has 256-bits of data 
for writing to the DIU. 


nlf_diuwack 




Out 


Acknowledge from DIU that write request has been 
accepted and write data can be output on nif_dluwdata 
together with nlf_diuwvalid. 


nlf_diuwdata 




In 


Data from LBDNextUneFIFO io DIU Interface. 
First 64-bits are bits 63:0 of 256 bit word 
Second 64- bits are bits 127:64 of 256 bit word 
Third 64-bits are bits 1 91 :1 28 of 256 bit word 
Fourth 64-bits are bits 255:1 92 of 256 bit word 


nlf_dluwvalid 




In 


Signal indicating that data on wtf_d!uwdata is valid. 


Internal HCUReadLtneFIFO Inputs 


hrf_hcuendofline 




In 


Signal lasting 1 cycle indicating then end of the HCU read 
line. 


hrf_xadvance 




Out 


Signal from horizontal scaling unit 
1 - supply the next dot 
1 - supply the current dot 


hrf_diurreq 




In 


Signal indicating the HCUReadLineFtFO has space for 256- 
bits of DIU data. 


hrt^dlurack 




Out 


Acknowledge that read request has been accepted and 
hrfjdiurreq should be de-asserted. 


hrf__diurdata 




Out 


Data from HCUReadLineFtFO to DM. 

First 64-bits are bits 63:0 of 256 bit word 

Second 64-bits are bits 1 27:64 of 256 bit word 

Third 64-bits are bits 1 91 :128 of 256 bit word ! 

Fourth 64-btts are bits 255:1 92 of 256 bit word 


hrLdiurvalid 




Out 


Signal indicating data on pff_diurdata is valid. 


hrf_diuidle 




In 


Signal indicating DIU state-machine is in the IDLE state. 
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25.8. 10. 1 General Description 

The DIU Interface and Address Generator (DAG) sub-block manages the bi-level buffer in DRAM. It has a 

? t JSSf Tl^ ° r thC UDNextLineFlFO and a DIU Read Interface shared between the HCURead- 
LtneFIFOand LBDPrevLineFIFO. 

All DRAM address management is centralised in the DAG. DRAM access is pre-emptive i.e after a FIFO 
unit has made an access then as soon as the FIFO has space to read or data to write a DIU access will be 

req .^7 lmm C y - 71,18 ensures fbSK m 1,0 unnecessary stalls introduced e.g. at the end of an LBD 
or HCU line. 

M°Tl!? 8ic f ° r h0ri20ntal 300 vert *al non-integer scaling logic is completely contained in the DAG 
sub-block. The scaling control unit exports the hlf^codvance signal to the HCUReadLineFIFO which indi- 
cates whether to replicate the current dot or supply the next dot for horizontal scaling. 

25.8.10.2 DIU Write Interface 
The LB DNext Line FIFO 



for 



as- ; n, , , , generates all the DIU write interface signals directly except 
sju_dm_ W adr[2I;S]^dcLM generated by the Address Generation logic 

The DIU request from the LBDNextLin'eFIFO will be negated if its respective address pointer in DRAM is 
^dtwreq = "nplementarion must ensure that no erroneous requests occur on 



nlf_dluwreq 



nlf_adrvaUd 



& 



wrlte_req 



ntf_c£uwack 



nff.tfuwdata 64 
nfLdluwvalld 



DIU 
4 Write 



Interface ^ 



sfu_<Cu_wreq 



• diu_sfu_wack 



64 



y ► sfu_dJu_data(63:0) 
► sfu_dfu_wval(d 



Fi fl ure 134. DIU Write Interface 



25.8.10.3 DIU Read Interface 



tn h H f U i e ^u ineI ? FO M* 1 ***^"**™ share the read interface. If both sources request simul- 

The DIU read request arbitration logic generates a signal, selectjujplf. which indicates whether the DIU 
^ p *™ 1 ^"CUReodLireFIFO or LBDPrevLineFIFO Q=HCUReadLiJv£?X -LBDPrtSne. 
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diujdte 



<fiu_sfu_rack 



plCdluivalld ■+ 
tuCdiurvaDd + 



dlu_sfu_dala[83:0] 



d)u_8fu_ivalld 



Figure 135. DIU Read Interface multiplexing by select_hrfplf 

™^ !• UBSt lo & c is snown in Fi 8"« 136- The arbitration logic will select a DIU read 

SS5 " * XPV -?1 ^ " nd which goes to the DIU. The accompanying 

DIU read address is generated by the Address Generation Logic. The select signal select hrfplfJ^Z 
according to the arbitration winner (Q=HCUReadLineFIFO, 1 - LBDPrevLineFIF&TdTnX 

the DIU state-machine of the arbitration winner is in the idle state, indicated by diu idle. This is necessarv 
to ensure that the DIU read data is multiplexed back to the FIFO that requested it. necessary 
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Figure 136. DIU read request arbitration logic 
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The DtU read requests from the HCUReadLineFIFO and LBDPrevLineFIFO will be negated if their 
respective addresses in DRAM are invalid, hrf_adrvalid = 0 or pl/jadrvalid - 0. The implementation must 
ensure that no erroneous requests occur on sfit_diu_rreq. 

If the HCUReadLineFIFO and LBDPrevLineFIFO request simultaneously, then if the request is not fol- 

S g K , T f di f^T ,ller DI J J FCad P0rt aCCeSS « the logic will choose the HCUReadLine- 

. , by , default ' f * ere f 1 * back to back requests to the DIU read port then the arbitration logic 
implements a round-robin sharing of read accesses between the HCUReadLineFIFO and LBDPrevLine- 

FIFO. 

A pseudo-code description of the DIU read arbitration is given below. 

U 5S!SSil! t ?L tW '"T' hrE ' PlE) ' hCf iS "O»-«ILi-nF0. plf la LBDPrevLineFIFO 
/ / initialisation on reset 

select^hrfplf = 0 // default choose hrf . 

history * none // no DIU read access i*imediately preceding 

// state-machine is busy between asserting sfu^diu^rreQ and diu_idie - 1 

^. DI Y-f eBd requester atate-machine is in idle state then de-assert busy 
if (diu_idle «== 1) then y 
busy * 0 

//if acknowledge received from Diu then de-assert DIU request 
if fdiu_sfu_rack =« 1) then 

//de-assert request in response to acknowledge 

sfu_diu_rreq « 0 

// if not busy then arbitrate between incoming requests 
// if request detected then assert busy 
if (busy t*= o> then 

//if there is no request 

if (hrf^diurreq == 0) AND (plf_diurreq == 0) then 

sfu_d.iu_rreq » 0 

history « none 
// else there is a request 
else ( 

/ / assert busy and request Diu read access 
busy * 1 

sfu_diu_rreq * 1 

// arbitrate in round-robin fashion between the requestors 
//if only HCUReadLineFIFO requesting choose HCUReadLineFIFO 
if <hrf_diurreq « 1) AND <plf_diurreq == 0) then 

history = hrf 

selector f plf m o 
//.if only LBDPrevLineFIFO requesting choose LBDPrevLineFIFO 
if <hrf_diurreq 0) AND (plf.diurreq 1) then 

history = plf 

select_hrfplf = l 
//if both HCUReadLineFIFO and LBDPrevLineFIFO requesting 
if (hrf_diurreq « l) AND <plf_diurreq 1) then 

// no immediately preceding request choose HCUReadLineFIFO 

if {history «= none) then 
history » hrf 
select_hrfplf s 0 

// if previous winner was HCUReadLineFIFO choose LBDPrevLineFIFO 
elsif (history «*= hrf) then 

history = plf 

seloct_hrfplf ■ 1 

// if previous winner was LBDPrevLineFIFO choose HCUReadLineFIFO 
elsif (history »= plf) then 
history * hrf 
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selecfc_hrfplf = 0 
/ / end chere is a request 
) 

2S.8.10.4 Address Generation Logic 

The DIU interface generates the DRAM addresses of data read and written by the SFU's FIFOs. 

f n ,r? te "E^JT ^ LBDNexiLineFIF0 °" nlfjiiuwreq causes a write request from the DIU Write 
Interface. The Address Generator supplies the DRAM write address on sju_diu_wadr[21:5]. 

tl^tllZ^TJ/™^ DIU re3d reqUCSt vbitn * oa [0 » c causes a rcad request from the DIU 
Read Interface. The Address Generator supplies the DRAM read address on sju_diu_radr{21.5]. 
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Figure 137. Address Generation 

The address generator is configured with the number of DRAM words to read in a HCU line 

aSels^ 

Address Generation 

There are four address pointers used to manage the bi-level DRAM buffer 

a. hcu_readline_adrf21:5j is the read address in DRAM for the HCUReadLineFlFO 

*i3&XZ£££g' :SJ is *° start address * DRAM for the cu ™« line bein * — * 

c. tbd_nextline_adrpi:5J is the write address in DRAM for the LBDNextLineFIFO. 

d. lbd_prevline_adr[21:SJ is the read address in DRAM for the LBDPrevLineFIFO. 
The current value of these address pointers are readable by the CPU. 

Four corresponding address valid flags are required to indicate whether the address pointers are valid- 

a. hlf^adrvalid. 

b. hlfj5tart_adrvalid. 

c. nlfjadrvalid. 

d. plfjadrvalid. 
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DRAM requests from the FIFOs will not be issued to the DIU until the appropriate address flag is valid. 

Once a request has been acknowledged, the address generation logic can calculate the address of the next 
256-bit word in DRAM, ready for the next request 

Rules for address pointers 

The address pointers must obey certain rules which indicate whether they are valid: 

a. hcu_readline_adrf21:5J is only valid if it is reading earlier in the line than 
lbd_nextline_adr(21:5] is writing i.e. hlfjadrvalid = hcu readline adrPJ -57 /=» 
lbd_nextline_adr[21:5]. ' 

b. The SFU cannot overwrite the current line that the HCU is reading from i.e. ht/jstartadrvalid = 
lbd_nextline_adr[2l:S] /=* hcujstartreadline_adr[21:5]. 

c. The LBDNextLineFIF O must be writing earlier in the line than LBDPrevLineFIFO is reading 
and must not overwrite the current line that the HCU is reading fromi.e. nlf adrvalid *= 
lbd_nextline_adr[2I:5] /= lbd_prevline_adr[2I:S] AND hcujstartreadline\alid. 

d. The LBDPrevUneFIFO can read right up to the address that LBDNextLineFIFO is writing i e 
ptfLadrvalid ~ lbd_prevline_adr{21:5] /= lbd_nextlme_adr[2I;5J. 

e. At startup i.e. when sfu_xo is asserted, the pointers are reset to start ^iju_adr [21 5] The first 
LBD NextLineFIFO data is allowed to be written to lbd_nextline_adr[21:5] even though 
nlfjidrvalid is initially invalid. 

f. The address pointers can wrap around the SFU bi-level store area in DRAM. 
X scaling of data for HCUReadLlneFIFO 

The signal heu_sju_advdot tells the HCUReadLineFIFO to supply the next dot or the current dot on 
u 7%7?n accordm S to me ^advance signal from the scaling control unit. When hrfjcadvance is 1 
the HCUReadLineFIFO should supply the next dot. When hrfjcadvance is 0 the HCUReadLineFIFO 
should supply the current dot. 
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7^ — fr» 
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8 . xscale_rtum 


~ ► 


— ► 


hrf_hcu_andcUine 


¥ 

rtcu_sfu_atfvdot 





Figuro 138. X scaling control unit 

The algorithm for non-integer scaling is described in the pseudocode below. Note, xjtcale count should 
be loaded with x_start_count after reset and at the end of each line. The end of the line is indicated by 
hrfjtcuendqfline from the HCUReadLineFIFO. 



if (hcu_sfu_dotadv == l) then 

if (x_scale_count «■ x_ocale_denora 
x_scale_count 3 x_scale_count ♦ 
hrf_xadvance « 1 
else 

x_scale_count = x_scale_count + 
rtrf_xadvance =» 0 

else 



- x_scale_num >« 0) then 
x_scale_denom - x_scale_num 



x_scale_dsnom 
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x_scale_count «= x_scale_coune v 
hrf_xadvanca = 0 

Y scaling of data for HCUReadLineFIFO 

-n^ HCUReadLmeFIFO counts the number of hcujsju.advdot strobes received from the HCU When the 
count equals hcu_num_dots the HCUReadLineFIFO will assert hrf.hcuendofline for a cycle 

if <hrf_hcu_endofline *s i) then 

if <y_scale_count + y_scale_denora - y_scale_nuin >= 0 ) then 

h;Ca^r/x y - 8Cale - COUnt * ' v-scale_nu» 

else 

y_scale_count a y_scale_count ♦ y_scale_denoin 
hrf_yadvance = 0 

else 

y_8cale_count = y_s cale_count 
Hrf_y advance = 0 



8 . yscale.num 




. hrf_yadvance 


— y zz, 








► 
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Y Scaling Control 






rvf_hcti_eridoRJne 




Unit 















Figure 139. Y scaling control unit 

^ to?b?SS2? iS r ertCd 'n 6 Y SCaling Unit Wi,! decide whethcr t0 SO back to the start of the 
current lme, by setting hrf_yadvance = 0, or go onto the next line, by setting hrfyadvance = 1 . 

//if end of HCU line and advance to next line 
if (hrf_hcu_,ndofline == 1) AND (hrf_y«dvance =. 1) then { 
//advance to start of next HCU line in ORAM 

//al!o! r fir d ^ n °- adr ' hcu -°?*"««<«ine_adr . hcu_dra^.„ords 
//allow for address wraparound 

offset = hcu_startreadline_adr - end_efu__adr 
if (offset >=» 0) then 

^ hcu_startreadline_adr » start_sf u_adr ♦ offset 

hcu„readline_adr » hcu_startreadline_adr 

elfl (l " Tt Ct H ? J ^ in ° and reCurT1 to st * rt <>f current line 
elsif <hrf_hcu_«idofline « 1) AND (hrf ./advance == 0) then 
hcu_readline_adr « hcu_startreadline_adr 



Figure 140 shows an overview of X and Y scaling for HCU data. 
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Figure 140. Overview of X and Y scaling at HCU interface 



Address generator pseudo-code: 



Initialization: 

if (sfu_go rising edge) then 

//set flag to allow first write 
init = 1 

//initialise address pointers to start of SFU address space 

lbd_prevline_adr(21:5) = start_sfu_adr (21 : 5 J 

lbd_nextline_adr[2l :5J = start_sf u_adr [21 ; 5 ] 

hcu_readline_adr(21:5) * start_sfu adr(.21:5) 

hcu_startreadline_adr[21:5) = start.sfu adr(21:5] 
//if first write complete 
elsif <plf_adrvalid == l) then 

// reset flag allowing first write 

init = 0 



Address valid signals: 

hrf.adrvalid * hcu_readline_adr !« lbd_nextline adr 
hrf.startadrvalid - lbd_nextline_adr | = hcu,etartreadline adr 

S£S£3 : ^l^^Sr"-"*' - — 

Address pointer updating: 

//LBDNextLineFIFO 

^L? 10 T" 1 ** acknowled «° «nd LBDNextLineFIFO address is valid 
if (diu_sfu_wack 1 AND nlf_adrvalid) then 
//if end of SFU address range 
if (lbd_nextline_adr end_sfu_adr> then 
//go to start of SFU address range 
lbd_nextline__adr = start_sfu_adr 
else 

//increment address pointer 
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lbd_nextline_adr » lbd_nextl ine_adr + 1 
// LBDPrevLineFIFO 

'i if ,J?™ acJcnowled 9« *"d LBDPrevLineFIFO address is valid 

if !^ - ra ?< " 1 ^ select - h - f P^ « 1 AND plf_adrvalid«l> then 
if (lbd_prevline_adr « end_sfu_adr> then 

lbd_prevline_adr « start_sf u_adr 
else 

lbd_prevline^adr = lbd_j?revline_adr + l 
// HCUReadLineFIFO 

'i**,^ acknowled ^ HCUReadLineFIFO address is valid 

,f^ U ~ > raCk == 1 m SGl€Ct -^fPlf - 0 AND hrf^adrvalid-l) then 
//if end of HCU line and advance to next line 
if (hrf.hcu.endofline 1) AND (hrf^advance == 1, then { 
//advance to start of next HCU line in DRAM 

hcu startreadline.adr = hcu_startreadline_adr ♦ hcu dran^words 
//allow for address wraparound -oirajiuworas 

offset =« hcu_startreadline„adr - endLsfu.adr 
if (offset 0) then 

hcu.startreadline^adr = start_sf u_adr + offset 

hcu_readline_adr » hcu_startreadline_adr 

//if end of HCU line and return to start of current line 

elsif (hrf„hcu_endofline 1) AND <hrf_yadvance == 0) then 

hcu_readline_adr = hcu_startreadline_adr 
//if pointing to end of SFU address space 
elsif (hcu_readline_adr =« end,sfu_adr) then 

//go to start of SFU address space 

hcu_readline_adr e start_sfu_adr 
else 

//increment address pointer 
hcu_readline_adr * hcu_readline_adr + 1 
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26 Tag Encoder (TE) 



26.1 Overview 



^e^eStjSir^^-^ 0 ^^ applications, and typically requires the 

presence of IR ink (although Kink can be used for tags in limited circumstances). 

2^Jf m COdeS / f^ ed ^f" the bein 8 P^ted. together with specific tag data values into an error- 
Zl a ,T nCOd WlU , Ch ,S subsc ^ en «y Printed in infrared or black ink on the pag^The TC pfaces 
tags on a tnangular gnd, and can be programmed for both landscape and portrait orientations 

oSnSr^ ^ c 0lma !! y rendCrcd *, 1 600 dpi ' Whi,e 138 is encoded "bitrary number 

,n , su PP 0 ^i mte S eT ^ the Y-direction while the TFU supports inreglr X 

^rr u ; n to^ S™ can render te8s ^ rcso,utions iess *- 1600 ™ «?K22 

fcaSn H 'l ^ ^ FIF ° Unit ^ Which is - ^ used as input by the HCU. 

In addihon, a tejmishedband signal is output to the end of band unit once the input ta* date has htL 
loaded from DRAM. The high level data path is shown by the block diagram in Figure 14T 



DRAM tag 
Menace v-v 1 encoder 



PCU 



tag FIFO 
unit 



halftoner/ 
compositor 



te_finlshedbarxl 



Figure 141. High level block diagram of TE in context 

ctll-t^nt AC HCU ' * 6 toE P,ane is «*W«»y Printed with an infrared-absorptive ink that 

The throughput requirement for the SoPEC TE is to produce tags at half the rate of the PEC1 TE «5in«. th- 
TE is reused from PEC1 . the SoPEC TE over-produces by a factor of 2 * 

nominal one dot per cyc.e it should not lose the 63/52 cycle performance J^SSStSS^ 
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26.2 



What are tags? 



The first barcode was described in the late 1940's by Woodland and Silver, and finally patented in 1952 
(US Patent 2,612,994) when electronic parts were scarce and very expensive. Now however, with the 
advent of cheap and readily available computer technology, nearly every item purchased from a shop con- 
tains a barcode of some description on the packaging. From books to CDs, to grocery items, the barcode 
provides a convenient way of identifying an object by a product number. The exact interpretation of the 
product number depends on the type of barcode. Warehouse inventory tracking systems let users define 
their own product number ranges, while inventory in shops must be more universally encoded so that prod- 
ucts from one company don't overlap with products from another company. Universal Product Codes 
(UPC) were introduced in the mid 1970's at the request of the National Association of Food Chains for 
this very reason. 

Barcodes themselves have been specified in a large number of formats. The older barcode formats contain 
characters that are displayed in the form of lines. The combination of black and white lines describe the 
information the barcodes contains. Often there are two types of lines to form the complete barcode: the 
characters (the information itself) and lines to separate blocks for better optical recognition. While the 
information may change from barcode to barcode, the lines to separate blocks stays constant. The lines to 
separate blocks can therefore be thought of as part of the constant structural components of the barcode. 

Barcodes are read with specialized reading devices that then pass the extracted data onto the computer for 
further processing. For example, a point-of-sale scanning device allows the sales assistant to add the 
scanned item to the current sale, places the name of the item and the price on a display device for verifica- 
tion etc; Light-pens, gun readers, scanners, slot readers, and cameras are among the many devices used to 
read the barcodes. 

To help ensure that the data extracted was read correctly, checksums were introduced as a crude form of 
error detection. More recent barcode formats, such as the Aztec 2D barcode developed by Andy Longacre 
in 1995 (US patent number US5591956), but now released to the public domain, use redundancy encoding 
schemes such as Reed-Solomon. Reed Solomon encoding is adequately discussed in [24], [26] and [30]. 
The reader is advised to refer to these sources for background information. Very often the degree of redun- 
dancy encoding is user selectable. 

More recently there has also been a move from the simple one dimensional barcodes (Hne based) to two 
dimensional barcodes. Instead of storing the information as a series of lines, where the data can be 
extracted from a single dimension, the information is encoded in two dimensions. Just as with the original 
barcodes, the 2D barcode contains both information and structural components for better optical recogni- 
tion. Figure 142 shows an example of a QR Code (Quick Response Code), developed by Denso of Japan 
(US patent number US5726435). Note the barcode cell is comprised of two areas: a data area (depends on 
the data being stored in the barcode), and a constant position detection partem. The constant position 
detection pattern is used by the reader to help locate the cell itself, then to locate the cell boundaries, to 
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allow the reader to determine the original orientation of the cell (orientation can be determined by the fact 
that there is no 4th corner pattern). 



21 blocks wide 




Figure 142. Example QR Code developed by Denso of Japan 

The number of barcode encoding schemes grows daily. Yet very often the hardware for producing these 
barcodes is specific to the particular barcode format. As printers become more and more embedded, there 
is an increasing desire for real-time printing of these barcodes. In particular, Netpage enabled applications 
require the printing of 2D barcodes (or tags) over the page, preferably in infra-red ink. The tag encoder in 
SoPEC uses a generic barcode format encoding scheme which is particularly suited to real-time printing. 
Since the barcode encoding format is generic, the same rendering hardware engine can be used to produce 
a wide variety of barcode formats. 

Unfortunately the term "barcode" is interpreted in different ways by different people. Sometimes it refers 
only to the data area component, and does not include the constant position detection pattern. In other 
cases it refers to both data and constant position detection pattern. 

We therefore use the term tag to refer to the combination of data and any other components (such as posi- 
tion detection pattern, blank space etc. surround) that must be rendered to help hold or locate/read the data, 
A tag therefore contains the following components: 

• data area(s). The data area is the whole reason that the tag exists. The tag data area(s) contains the 
encoded data (optionally redundancy-encoded, perhaps simply checksummed) where the bits of the 
data are placed within the data area at locations specified by the tag encoding scheme. 

• constant background patterns, which typically includes a constant position detection pattern. These 
help the tag reader to locate the tag. They include components that are easy to locate and may contain 
orientation and perspective information in the case of 2D tags. Constant background patterns may also 

, include such patterns as a blank area surrounding the data area or position detection pattern. These 
blank patterns can aid in the decoding of the data by ensuring that there is no interference between tags 
or data areas. 

In most tag encoding schemes there is at least some constant background pattern, but it is not necessarily 
required by all. For example, if the tag data area is enclosed by a physical space and the reading means 
uses a non-optical location mechanism (e.g. physical alignment of surface to data reader) then a position 
detection pattern is not required. 

Different tag encoding schemes have different sized tags, and have different allocation of physical tag area 
to constant position detection pattern and data area. For example, the QR code has 3 fixed blocks at the 
edges of the tag for position detection pattern (see Figure 142) and a data area in the remainder. By con- 
trast, the Netpage tag structure (see Figures 143 and 144) contains a circular locator component, an orien- 
tation feature, and several data areas. Figure 143(a) shows the Netpage tag constant background pattern in 
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(a) Netpage tag background pattern 




<b) Netpage tag showing data area 



Figure 143. Netpage tag structure 




Ffgure 144. Netpage tag with data rendered at 1600 dpi (magnified view, 
26.2.1 Contents of the data area 

The data area contains the data for the tag 
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ning resolution. For example, in the QR code (see Figure 142), a single bit is represented by a dark module 
or a light module, where the exact number of dots in the dark module or light module depends on the ren- 
dering resolution and target reading/scanning resolution. For example, a dark module may be represented 
by a square block of printed dots (all on for binary 1, or all off for binary 0), as shown in Figure 145. 




Figure 145. Example of 2x2 dots for each block of QR code 

The point to note here is that a single bit of data may be represented in the printed tag by an arbitrary 
printed shape. The smallest shape is a single printed dot, while the largest shape is theoretically the whole 
tag itself, for example a giant macrodot comprised of many printed dots in both dimensions. 

An ideal generic tag definition structure allows the generation of an arbitrary printed shape from each bit 
of data. 

26.2.2 What do the bits represent? 

Given an original number of bits of data, and the desire to place those bits into a printed tag for subsequent 
retrieval via a reading/scanning mechanism, the original number of bits can either be placed directly into 
the tag, or they can be redundancy- encoded in some way. The exact form of redundancy encoding will 
depend on the tag format. 

The placement of data bits within the data area of the tag is directly related to the redundancy mechanism 
employed in the encoding scheme. The idea is generally to place data bits together in 2D so that burst 
errors are averaged out over the tag data, thus typically being correctable. For example, all the bits of 
Reed-Solomon codeword would be spread out over the entire tag data area so to minimize being affected 
by a burst error. 

Since the data encoding scheme and shape and size of the tag data area are closely linked, it is desirable to 
have a generic tag format structure. This allows the same data structure and rendering embodiment to be 
used to render a variety of tag formats. 

26.2.Z1 Fixed and variable data components 

In many cases, the tag data can be reasonably divided into fixed and variable components. For example, if 
a tag holds Ambits of data, some of these bits may be fixed for all tags while some may vary from tag to tag. 
For example, the Universal product code allows a country code and a company code. Since these bits don't 
change from tag to tag, these bits can be defined as fixed, and don't need to be provided to the tag encoder 
each time, thereby reducing the bandwidth when producing many tags. 
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Another example is Netpage tags. A single printed page contains a number of Netpage tags. The page-id 
will be constant across all the tags, even though the remainder of the data within each tag may be different 
for each fag. By reducing the amount of variable data being passed to SoPEC's tag encode/for each tag 
the overall bandwidth can be reduced. B ' 

£rr diD , g t r * e en J bodimen ' of *» te S cncod <*. *°se parameters will be either implicit or explicit, and 
SLS2S.""h? tags referable by the system. For example, a software tag encoder may be com- 

of teg dTbtte a ^ ^ enC ° dCr 38 S0PEC ' S eDCOder may have a maximu ™ number 

26.2.Z2 Redundancy-encode the tag data within the tag encoder 

J*"? ° fa f Ce P tiag the complete number of TagData bits encoded by an external encoder, the tag encoder 
accepts the basic non-redundancy-encoded data bits and encodes them as required for each tag. This leans 
to significant savings of bandwidth and on-chip storage. misieaos 

In SoPEC's case for Netpage tags, only 120 bits of original data are provided per tag, and the tag encoder 
encodes these 1 20 bits into 360 bits. By having the redundancy encoder on board the fag eocodShHflS 

Z^Zt^T^T 1 *' required * reduced ,0 onIy 33% of what would bc rcquired if the 

26.3 Placement of tags on a page 

The TE places tags on the page in a triangular grid arrangement as shown in Figure 146. 

Landscape orientation dot direction 



Portrait orientation 
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Figure 146. Placement of tags for portrait & landscape printing 



Jif * angular m " h of COmblned restriction of no overlap of columns or rows of tags means 

~^rr S 8 plac VT M " smay sintplified For a given line of dots, all the fags on that Hne cor- 
SZtZZZT" T ° {the * mer ? «*»*«». The triangular placement can be considered as al te - 
native lines of togs, where one hne of tags is inset by one amount in the dot dimension, and the other line 

"SX" ^ dot 8ap * * e ^ in lines of ^ is 

SStS? "i 1008 35 1388 themselves can ^ Portrait and landscape printing are essentially 

thesame - the placement parameters of line and dot are swapped, but the placement mechanism^ Ae 
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The general case for placement of tags therefore relies on a number of parameters, as shown in Figure 147. 

" " ■ ^ dot direction 



Start Position 



AllTagUne Position 



tagwftWn 
tag's bounding 



Dot Inter-tag gap 



T tag within > 
tag's bounding 



Une inter-tag gap 



Tine direction 



tag within 
tag's bounding 



Tag height 



^ Dot Inter-tag gap f tag within 
^ r "~" "H tag's bounding 



f tag within 1 
tag's bounding 



Figure 147. General representation of tag placement 

EST" m ° rC ' 0imaily dCSCribed i0 Tab,e 12 °- Note that ^ pJacement parameter and 



not registers. 
Table 120. Tag placement parameters 



Tag height 


The number of dot lines in a tag's bounding box 




Tag width 


The number of dots in a single line of the tag's bound- 
ing box. The number of dots in the tag Itself may vary 
depending on the shape of the tag, but the number of 
dots In the bounding box will be constant (by defini- 
tion). 


minimum 1 


Dot inter-tag gap 


The number of dots from the edge of oho tag's bound- 
ing box to the start of the next tag's bounding box In 
the dot direction. ' 


minimum = 0 


Line inter-tag gap 


The number of dot lines from the edge of one tag's 
bounding box to the start of the next tag's bounding 
box, In the line direction. 


minimum = 0 


Start Position 


Defines the status of the top left dot on the page - is an 
offset in dot & row within the tag or the fnter-tag gap 




AffTagUn o Positio n 


Defines the status for the start of the alternate row of 
tags. Is an offset in dot within the tag or within the dot 
Inter-tag gap (the row position is always 0) 





26.4 Basic tag encoding parameters 

bufffsLl 8 St 2 ^^rf reStri ; ti0nS ° n t3g CnCOdine Parametere « a *«* of on-chip 
ouuer sizes, table 121 lists the basic encoding parameters as well as ranw rpctn^« nn « u ■ 

AUhough the restrictions were chosen to take^e most ZTy ^SS^S: 
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pie matter to adjust the buffer sizes and corresponding addressing to allow arbitrary encoding 



in future implementations. 
Table 121. Encoding parameters 



parameters 





mmmmsmmm 


wmmMmmmm 




pays wiuin 


2 14 dotpairs or 20.48 inches at 1600 dpi 


s 


tag size 


typical tag size Is 2mm x 2mm 
maximum tag size is 384 dots x 384 dots 
before scaling I.e. 6 mm x 6 mm at 1600 dpi 


N 


number of dots in each dimension of the tag 


384 dots before scaling 


E 


redundancy encoding for tag data 


Reed-Solomon GF(2 4 ) at 5:10 or 7:8 


D F 


size of fixed data (unencoded) 


40 or 56 bits 


«/= 


size of redundancy-encoded fixed data 


120 Wis. 


Dv 


size of variable data (unencoded) 


120 or 112 bits | 


R V 


size of redundancy-encoded variable data 


360 or 240 bits 


T 


tags per page width 


85 packed 6mm x 6mm tags (384 x 384 
dots) will fit in 20.48 inches 



26.4.1 



. ... „ w „„ a FB1S c n CCQ omy oe supplied to the TE once. It can be supplied as 40 or 56 

bits of unencoded data and encoded within the TE as described in Section 26.4.1. Actively it Z be 
supplied as 1 20 bits of pre-encoded data (encoded arbitrarily). craanveiy « can oe 

Si! Z^l! ^ f< T *f ° n r P ^ m *° SC ' 12 0r 120 *** bits that for each tag. Vari- 

ttsx^si %s$£££t - d is a,ways mcoitd by the te - described ?ection 

Redundancy encoding 

m«h3'iH ^a*** bitS &C f d and Variab,e) t0 redundancy encoded bits relies heavily on the 
method of redundancy encoding employed. Reed-Solomon encoding was chosen for its ability to deal with 
burst errors and effectively detect and correct errors using a minimum of redundancy. R«d SoTomon 

X7uncS^ 

TtfTZ^V***. TE WC ™ Reed - Sol o m on encoding over the Galois Field GF(2<). Symbol 
nn, Jf C °4 deW ° rd C ° ntamS 15 4 ' bit Symbo,s for a codeword length of 60 bits. The priS 

. nl^^^^^ 

Of the 15 symbols, there are two possibilities for encoding: 

* f^K 5 ', 5>: 5 Sy ? b ° iS ° ri8inaI (2 ° bits) » and 1 0 re d«ndancy symbols (40 bite). The 10 redundancy 
ESSIES C<WTeCt ^ t0 5 Symb ° ,S " ^ 1116 polynomial is theref^S 

* f^ho. J™ 7 ^^ 15 ° riginal (28 bitS) ' ^ 8 redundancy symbols (32 bits). The 8 redundancy 

W) WC ^ C ° rTCCt ^ t0 4 Symb ° 1S in ^ 7116 * enerato r polynomial is g(x) I 

fiv2 e S ^-^nS symbols of original data, the total amount of original data per tag is 160 bits (40 
Sal foZ? } ' 18 rCdUndanCy e " COded W * ^ ™ount of 480 bi^^e^O vS ! 
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• Each tag contains up to 40 bits of fixed original data. Therefore 2 codewords are required for the fixed 
data, giving a total encoded data size of 1 20 bits. Note that this fixed data only needs to be encoded 
once per page. 

• Each tag contains up to 120 bits of variable original data. Therefore 6 codewords are required for the 
variable data, giving a total encoded data size of 360 bits. 

In the second case, with 7 symbols of original data, the total amount of original data per tag is 168 bits (56 
fixed, 1 12 variable). This is redundancy encoded to give a total amount of 360 bits (120 fixed, 240 vari- 
able) as follows: 

• Each tag contains up to 56 bits of fixed original data. Therefore 2 codewords are required for the fixed 
data, giving a total encoded data size of 120 bits. Note that this fixed data only needs to be encoded 
once per page. 

• Each tag contains up to 112 bits of variable original data. Therefore 4 codewords are required for the 
variable data, giving a total encoded data size of 240 bits. 

The choice of data to redundancy ratio depends on the application. 



The Tag Format Structure (TFS) is the template used to render tags, optimized so that the tag can be ren- 
dered in real time. The TFS contains an entry for each dot position within the tag's bounding box. Each 
entry specifies whether the dot is part of the constant background pattern or part of the tag's data compo- 
nent (both fixed and variable). 

The TFS is very similar to a bitmap in that it contains one entry for each dot position of the tag's bounding 
box. The TFS therefore has TagHeight x TagWidth entries, where TagHeight matches the height of the 
bounding, box for the tag in the line dimension, and TagWidth matches the width of the bounding box for 
the tag in the dot dimension. A single line of TFS entries for a tag is known as a tag line structure. 

The TFS consists of TagHeight number of tag line structures, one for each 1600 dpi line in the tag's 
bounding box. Each tag line structure contains three contiguous tables, known as tables A, B, and C. Table 
A contains 384 2-bit entries, one entry for each of the maximum number of dots in a single line of a tag 
(see Table 121). The actual number of entries used should match the size of the bounding box for the tag in 
the dot dimension, but all 384 entries must be present 1 . Table B contains 32 9-bit data addresses that refer 
to (in order of appearance) the data dots present in the particular line. All 32 entries must be present, even 
if fewer are used. Table C contains two 5-bit pointers into table B, and is stored in the 10 low bits of the 
next 32-bit word (the upper 22 bits are unused). The total length of each tag line structure is therefore 34 x 
32-bit words. Padding (18 x 32-bit words) is inserted after every 7 tag line structures to keep each tag line 



1 . This is done so that it is possible to go from one line within a tag to the next by simply adding 33 in 32-bit based addressing to DRAM. 



26.5 



Data structures used by tag encoder 



26.5.1 



Tag Format Structure 
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Tag Format Structure 



tag tine structure 0 



tag line structure 1 



tag line structure 2 



tag line structure 6 



reserved and unused 
{18x32*lts) 



tag Ifne structure 8 



tag line structure n 



\ 



tag line structure 



table A 
(384 entries x 2-btts) 
(768 bits) 



tabieB 
(32 entries x 3-bit3) 
(288 bits) 



table C 
(2 entries x 5-oits) 
(10 bits) 



reseivedand 
unused 
(22 bits) 



Figure 146. Composition of SoPEC s tag format structure 

given in section 26.8.3 on page 



A ftill description of the interrelation and usage of Tables A, B and C is 



26.5.1.1 Scaling a tag 

fh/oS^I* 6 ° ri8i m WaS 21 * 21 entrieS> and * e sca,in 8 WCT * a simple 2 x 2 dots for each of 
the original dote, we could increase the TFS to be 42 x 42. To generate the new TFS from th. 
would repeat each entry across each line of the TFS, and then wJ^S^ZlZ^Sm'Sl 
net number of entries in the TFS would be increased fourfold (2 x 2). 

The TFS allows the creation of mocrodots instead of simple scaling. Looking at Fijrure 149 for a simn l, 
scale-up on the output of the tag generator output, then we ^V^^JT^XSI 
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Instead, we can replace each of the original dots in the TFS by a 7 x 7 dot definition of a rounded dot Fig- 
ure 1 50 shows the results. s 



position detection pattern 
(1 line all dark) 

data area 

(2 nnes of 3 bits) 



ahvays 1 
(background) 


afways 1 
(background) 


always 1 
(background) 


data 
bfto 


data 
W1 


data 
bit 2 


data 
bit 4 


data 

bits 


data 
bita 



Figure 149. Simple 3x3 tag structure 



Legend 




constant 0 




constant 1 




data bit 0 




data bit 1 




data bit 2 




data bit 3 




data bit 4 




data bit 5 




Figure 150. 3x3 tag redesigned for 21 x 21 area (not simple replication) 

Consequently, the higher the resolution of the TFS the more printed dots can be printed for each macrodot 

Tod^ Z * ° rq T eB ? " Smg,e bU ° f *" The more d0tS that « a * ailab * *> Produc^c- 
rodot, the more complex the pattern of the macrodot can be. As an example, Figure 144 on page 360 
shows the Netpage tag structure rendered such that the data bits are represented by ^.v^of^ x 
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8 dots (at 1600 dpi), but the actual shape structure of a dot is not square. This allows the printed Netpage 
tag to be subsequently read at any orientation. 

26.5.2 Raw tag data 

The TE requires a band of unencoded variable tag data if variable data is to be included in the tag bit- 
plane. A band of unencoded variable tag data is a set of contiguous unencoded tag data records, in order of 
encounter top left of printed band from top left to lower right. 

An unencoded tag data record is 128 bits arranged as follows: bits 0-1 1 1 or 0-1 19 are the bits of raw tag 
data, bit 120 is a flag used by the TE (Tagls Printed), and the remaining 7 bits are reserved (and should be 
0). Having a record size of 128 bits simplifies the tag data access since the data of two tags fits into a 256- 
bit DRAM word. It also means that the flags can be stored apart from the tag data, thus keeping the raw tag 
data completely unrestricted. If there is an odd number of tags in line then the last DRAM read will con- 
tain a tag in the first 128 bits and padding in the final 128 bits. 

The TaglsPrinted flag allows the effective specification of a tag resolution mask over the page. For each 
tag position the TaglsPrinted flag determines whether any of the tag is printed or not This allows arbitrary 
placement of tags on the page. For example, tags may only be printed over particular active areas of a 
page. The TaglsPrinted flag allows only those tags to be printed. TaglsPrinted is a 1 bit flag with values as 
shown in Table 122. 



Table 122. TaglsPrinted values 







0 


Don't print the tag rn this tag position. 

Output 0 for each dot within the tag bounding box. 


1 


Print the tag as specified by the various tag structures. 



26.5.3 DRAM storage requirements 

The total DRAM storage required by a single band of raw tag data depends on the number of tags present 
in that band Each tag requires 1 28 bits. Consequently if there are //tags in the band, the size in DRAM is 
16N bytes. 

The maximum size of a line of tags is 163 x 128 bits. When maximally packed, a row of tags contains 163 
tags (see Table 121) and extends over a rmnimum of 126 print lines. This equates to 282 KBytes over a 
Letter page. 

The total DRAM storage required by a single TFS is TagHeightll KBytes (including padding). Since the 
likely maximum value for TagHeight is 384 (given that SoPEC restricts TagWidth to 384), the maximum 
size in DRAM for a TFS is 55 KBytes. 

26.5.4 DRAM access requirements 

The TE has two separate read interfaces to DRAM for raw tag data, TD, and tag format structure, TFS. 
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The memory usage requirements are shown in Table 123. Raw tag data is stored in the compressed page 
store 



Table 123. Memory usage requirements 









compressed page store 


2048 Kbytes 


Compressed data page store for BHevel, contone and 
raw tag data. 


Tag Format Structure 


55 Kbyte (384 dot line tags 
® 1600 dpi) 


55 kB In PEC1 for 384 dot line tags (the benchmark) at 
1600 dpi 

2.5 mm tags (1/10th inch) Q 1600 dpi require 160 dot 

lines = 1 60/384 x55 or 23 kB 

2.5 mm tags Q 800 dpi require 807384 x55 « 12 kB 



— ^ — ^ i^w-uti oi a muo. crfiwi * jo-uu reaa returns z times izo-Dit tags. 

The TD interface to the DIU will be a 256-bit double buffer. If there is an odd number of tags in line then 
the last DRAM read will contain a tag in the first 1 28 bits and padding in the final 1 28 bits. 

The TFS interface will also read 256-bits from DRAM at a time. The TFS required for a line is 136 bytes. 
A total of 5 times 256-bit DRAM reads is required to read the TFS for a line with 192 unused bits in the 
fifth 256-bit word A 1 36-byte double-line buffer will be implemented to store the TFS data. 
The TE's DIU bandwidth requirements are summarized in Table 124. 

Table 124. DRAM bandwidth requirements 




TFS 



Read 



Single 256 bit reads 2 . TFS is 
1 36 bytes. This means there 
is unused data in the fifth 
256 bit read. A total of 5 
reads is required. 



0.093 



0.093 



1: Each 2mm tag lasts 126 dot cycles and requires 128 bits. This is a rate of 256 bits every 252 cycles. 
2: 17 x 64 bit reads per line in PECl is 5 x 256 bit reads per line in SoPEC with unused bits in the last 256-bit read. 



26.5.5 Tag sizes 



SoPEC allows for tags to be between 0 to 384 dots. A typical 2 mm tag requires 1 26 dots. Short tags do not 
change the internal bandwidth or throughput behaviours at all. Tag height is specified so as to allow the 
DRAM storage for raw tag data to be specified. Minimum tag width is a condition imposed by throughput 
limitations, so if the width is too small TE cannot consistently produce 2 dots per cycle across several tags 
(also there are raw tag data bandwidth implications). Thinner tags still work, they just take longer and/or 
need scaling. 
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26.6 Implementation 

26.6.1 Tag Encoder Architecture. 

A block diagram of the TE can be seen below. 



ORAM interface 



7 — 

/'17 



tag encoder 
unit 



taoa ttsense 
tastdotfntag 
advtagllne 
tfevatid 



dotposvaJJd 



y r 64 



u. 



TFS 
Interface 



tagMaxDotpatrs— ^> 
lastdotlntag 



8 ,'2 



lastdotintagl 
lotposvalld 



b 

dotPos 



jgtdRdA drO ^ 



etdRdAdfl 9, 
7^ 



17 



tag data 
Interface 



tagfsPrinted 



bit 



i 



MM 



SO 





Logic 



machine 



£,'14 2 (to bits) 



Id 



dotelnTag fl 



'1 ,'l 

i 



- lastOoflnTagi 



-> tdUalid 



5 



,"2 



3x2-Wt 
shift register 



8 to_tfu_wtJata 



Teg Fife Unit 



PCU 



Figure 151. TE Block Diagram 

The TE writes lines of bi-level tag plane data to the TFU for later reading by the HCU The TE is resnon 

me T g ^ .7" * 8 ^ the *™*» (interpreted^^ *e . T^\3^JS 
of tags is performed in the TE with X-integer scaling of the tags performed in the TFU The 

SE^S SlffiSr support for 1 26dot Tags (2mm densely packed) ^ th 1 08 
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The tag encoder consists of a TFS interface that loads and decodes TFS entries, a tag data interface that 
loads tag raw data, encodes it, and provides bit values on request, and a state machine to generate appropri- 
ate addressing and control signals. The TE has two separate read interfaces to DRAM for raw tag data. 
TD, and tag format structure, TFS. * 

It is possible that the raw tag data interface, the TD, to the DIU could be replaced by a hardware state 
machine at a later stage. This would allow flexibility in the generation of tags. Support for Y scaling needs 
to be added to thePECl TE. The FECI TE already allows stalling at its ou*ut during a hTwJen 
tfu_te_oktowrite is deasserted. 



26.6.2 Y-Scaling output lines 



In order to support scaling in the Y direction the following modifications to the PEC1 TE are suggested to 
the Tag.Data Interface, Tag Format Structure Interface and TE Top Level: 

• for Tag Data Interface: program the configuration registers of Table 126,firstTagLineHeight and tag- 
MaxLme with true value i.e. not multiplied up by the scale factor YScale. Within the Tag Data interface 
there are two counters, countx and county that have a direct bearing on the rawTagDataAddr genera- 
tion countx decrements as tags are read from DRAM. It is reset to NumTagspitdTagSenseJ at start of 
each line of tags, county is decremented as each line of tags is completely read from DRAM i.e. countx 
- 0. Scaling may be performed by counting the number of times countx reaches zero and only decre- 
menting county when this number reaches YScale. This will cause the TagData Interface to read each 
line of tag data NumTagsfRtdTagSenseJ * YScale times. 

• for tag Format Structure Interface: The implication of Y-scaling for the TFS is that each Tag Line 
Structure is used YScale times. This may be accomplished in either of two ways: 

• For each Tag Line Structure read it once from DRAM and reuse YScale times. This involves gating 
tiw comrol of TFS buffer flipping with YScale. Because of the way in which this advT/sLine Z 
advTagLme related functionality is coded in the PEC1 TFS this solution is judged to be error-prone 

" IS- tSh yS eStmCtUre YSCa ' e timeS ' ™ S SO,Uti ° n taV0lVeS controllin g the activity of currTf- 

mre^fmnl^ ■*«"»»■ *> ™ to read each individual Tag Line Struo- 

4 64 r} lt WOfdS f0r Cach 0f *■ 5 accesses - ™* is different &» the behav- 
iour in PEC1, where one address is given and 17 data-words were returned by the DIU 

Since the behaviour of the currT/sAddr must be changed to meet the requirements of the SoPEC 
rteJZ f < SCnSC t0 mcl " de * C Y - Sca,iDg iM0 ,his chan *e ie. a count of the number of com- 
P ^r^fu ?°!, SS ! S t0 * e DIU * S Mmpaied to YScale - 0nJ y whc » this count equals YScale can 
currysXddr be loaded with the base address of the next lines Tag Line Structure in DRAM, other- 
wise it is re-loaded with the base address of the current lines Tag Line Structure in DRAM. 

' rZlZ ^t^r T ° P ^ VC ? ° f * e TE 3 counter - LinePos - which is ™* t° count the number of 
completed output lines when ,n a tag gap or in a line of tags. At the start (i.e. top-left hand dot-pair) of 

JZa f ? !f? S 15 l0a ? ed Wrth Bither K&oPlAne or TagMaxLine. The value of LinePos is decre- 

ZToTrsttXj " Y ' SCaling ™ Y bC * **** *° dement of LinePos 
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26.6.3 TE Physical Hierarchy 

m Tag Encoder 



Top Level FSM 
+ PCU + Comb 
Logfc for Muxing 
etc. 



Tag Data Interface 



Raw Tag Data 
Interface 



Reed Solomon 
Encoder 



2D Decoder 



Encoded lag Data Interfaci 




encoded 






fixed tag 






data 








encoded 






variable tag 






data 





lag formal blrueture fTFSJ 



Table A 



Reg o/p 



Table C 



Table B 



Reg o/p 



Figure 152. TE Hierarchy 

Srni? ^ V r iUUS TcL S thC St ™ al hieraichy ° f * c TE ^ to P Icvel c ° ntain * *e Tag Data Inter- 
S^if? 0, 8 f Stn "f le ^ 311 FSM to contro1 *• generation of dot palrsalong with a 

tt n I^hT h !, Can7 ° Ut * e PCU rCad/write decodin 8- is i some additio Jloi ^Tor rn^Tng 
the output data and generating other control signals. muxing 

At the highest level the TE state machine processes the output lines of a page one line at a time with the 

=&«s£s ssar or in a 138 (a soPEC may be oniy printing part ° f a ^ " 

UitWn^Ih^r 11 iS WitWn 8,1 imCr " tag 8ap * 3,1 ° Utput of 0 is S^erated. If the current position is 
^oH 8 h 8 ; kV*- 8 f ™ to determine the value of the output dot, using the appropriate 

encoded data b,t from the fixed or variable data buffers as necessary. The TE then advances doSteC 
of dots, moving through tags and inter-tag gaps according to the tag placement parameter 
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I 26.6.4 IO Definitions 



Table 125. TE Port Ust 







HE 




Clocks and Resets 








pdk 


1 


In 


SoPEC Functional dock. 


prst^n 


1 


In 


Global reset signal. 


Bandstore Signals j 


cdu_endofbandstore[21 :5J 


17 


In 


Address of the end of the current band of data. 
256-bit word aligned ORAM address. 


cdu_startofbandstore[2 1 :5] 


17 


fn 


Address of the start of the current band of data. 
256-bit word aligned DRAM address. 


te_finishedband 


1 


Out 


TE finished band signal to PCU and ICU. 


PCU Interface data and control signals 


pcu_addr|6:2] 


7 


In 


PCU address bus. 7 bits are required to decode the address space 
tor this block. 


pcu_dataoutJ3l:0l 


32 


In 


Shared write data bus from the PCU. 


te_pcu_dataJn[31 :0] 


32 


Out 


Read data bus from the TE to the PCU. 


pcu_rwn 


1 


In 


Common read/not-wrlte signal from the PCU. 


pcu_te„Bel 


1 


In 


Block select from the PCU. When pcu_to_$et t3 high both 
pcu^addr and pcu_dataout are vaiid. 


te_pcu_rdy 


1 


Out 


Ready signal to the PCU. When te_jxu_rdy Is high it indicates the 
last cycle of the access. For a write cycle this means pcu_dataout 
has been registered by the block and for a read cycle this means 
the data on te_pcu_datain Is valid. 


TO (raw Tag Data) OIU Read Interface signals 


td_dlu_rreq 


1 


Out 


TO requests DRAM read, A read request must be accompanied by 
a valid read address. 


td_diu_radr[21:5] 


17 


Out 


TD read address to OIU. 

17 bits wide (256-bit aligned word). 


dlu_td_rack 


1 


In 


Acknowledge from DIU that TD read request has been accepted 
and new read address can be placed on te_diu mm radr. 


diu_dataf63:0) 


64 


In 


Data from DIU to TE. j 

First 64-bits are bits 63:0 of 256 bit word; 

Second 64-bits are bits 127:64 of 256 bit word; 

Third 64-bits are bits 1 91 :128 of 256 bit word; 

Fourth 64-bits are bits 255:1 92 of 256 bit word. \ 


diu_td.jvalid 


1 


In 


Signal from DIU telling TO that valid read data is on the diu^data 
bus. 


TFS (Tag Format Structure) DIU Read Interface signals 


tfs_diu_rreq 


1 


Out 


TFS requests DRAM read. A read request must be accompanied 
by a valid read address. 


tfs_diu_radr{21:5] 


17 


Out 


TFS Read address to DIU 

1 7 bits wide (256-bit aligned word). 


diu_tf3_rack 


1 


In 


Acknowledge from DIU that TFS read request has been accepted 
and new read address can be placed on tfs diu radr. 
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Table 125. TE Port List 













64 


in 


Data from DIU to TE. 
First 64-bits are bits 63.-0 of 256 bit word; 
Second 64-bits are bits 127:64 of 256 bit word; 
Third 64-bits are bits 191:128 of 256 bit word; 
Fourth 64-bits are bits 255:192 of 256 bit word. 


diu_tfs_rvafid 


1 


In 


Signal from DIU telling TFS that valid read data Is on the diu data 
bus. 


TFU Interface data and cont 


rol signals 


tfu_te_oktowrite ~" 


1 


In 


Ready signal indicating TFU has space available and Is ready to be 
written to. Also asserted from the point that the TFU has redeved 
Its expected number of bytes for a fine until the next 
te_tfu_wradviine 


te_tfu_wdata[7 :0] 


8 


Out 


Write data for TFU. 


te_tfu_wdata valid 


1 


Out 


Write data valid signal. This signal remains high whenever there Is 
valid output data on te_tfu_wdata 


te_tfu_wradvUne 


1 


Out 


Advance line signal strobed when the last byte In a Dne is pieced 
on te_tfu_wdata 



26.6.5 Configuration Registers 

™l C ^Tt°V eSiStm iD l h t TC m P r °8 rammed ™ *e PCU interface.Refer to section 21.8.2 on 
the of the protocol and timing diagrams for reading and writing register in the 

TE Note that since addresses m SoPEC are byte aligned and the PCU only ^pports 32-bit register reads 

rE.Table 126 lists the configuration registers in the TE. 

Renters which address DRAM are 64-bit DRAM word aligned as this is the case for the PEC1 TE 
SoPEC assumes a 256-bit DRAM word size. If the TE can be easily modified then the DRAM wofd 

^TU°f d ^ T^?£ 256 " bit WOnl softwa ~ shoulo^^ 

these the 64-bit word aligned addresses on a 256-bit DRAM word boundary.. 



Table 126. TE Configuration Registers 




0x04 



Go 



A write to this register causes a reset of the TE. 
This register can be read to indicate the reset state: 

0 - reset In progress 

1 - reset not in progress 



Writing 1 to this register starts the TE. Writing 0 to this 
register halts the TE. 

When Go is deasserted the state-machines go to their 
idle states out ail counters and configuration registers 
Keep their values. 

When Go is asserted all counters are reset, but con- 
figuration registers keep their values (I.e. they don't 
get reset). NextBandEnabte is cleared when Go is 
asserted. 

The TFU must be started before the TE is started. 
This register can be read to determine if the TE is run- 
ning (t = running, 0 = stopped). 
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Tabte 126. TE Configuration Registers 




Setup registers (constant for processing of a page) 



0x40 



0x44 



0x45 



0x4C 



0x50 



0x54 



0x58 



0x5C 



0x60 



0x64 



0x63 



0x6C 



0x70 



TfsStartAdr 
(64-bft aligned ORAM 
address - should start at 
a 256-bft aligned loca 
tion) 



TfsEndAdr 

(64-bit aligned DRAM 
address - should start at 
a 256-bit aligned (oca 
tion) 



TfsRrstUneAdr 
(64-bit aligned DRAM 
address) 



DataRedun 



Decode2DEn 



VariabfeDataPresent 



EncodeFixed 



TagMaxDotpairs 



TagMaxLine 



TagGa^Dot 



TagGapUne 



DotPairePerUne 



DotStartTagSense 



19 



19 



19 



14 



14 



14 



Points to the first word of the first TPS line In DRAM. 



Points to the first word of the last TPS line in DRAM. 



Points to the first word of the first TFS line to be 
encountered on the page. If the start of the page is In 
an mter-tag gap, then this value will be the same as 
TFSStartAdr since the first tag line reached will be the 
top line of a tag. 



Defines the data to redundancy ratio lor the Reed 
Solomon encoder. Symbol size is always 4 bits, Code- 
word size is always 1 5 symbols (60 bits). 
^OW^r 5ymboU5 (2° blts >. 10 redundancy symbols 

7 symbols (28 bits), 8 redundancy symbols 
(32 bits) 



Determines whether or not the data bits are to be 2D 
decoded rather than redundancy encoded (each 2 
bits of the data bits becomes 4 output data bits) 

0 = redundancy encode data 

1 = decode each 2 bits of data into 4 bits 



Defines whether or not there is variable data in the 
tags, if there Is none, no attempt is made to read tag 
data, and tag encoding should only reference fixed 
tag data. 



Determines whether or not the lower 40 (or 66) bits of 
fixed data should be encoded into 120 bits or simply 
used as is. 



The width of a tag in dot-pairs, minus 1 . 
Minimum 0, Maximums 91. 



The number of lines in a tag, minus 1 . 
Minimum 0, Maximum = 383. 



The number of dot pairs between tags in the dot 
dimension minus 1. 
Only valid if 7agGapPrese/7l[bit 0) = 1. 



Defines the number of dotllnes between tags in the 
line dimension minus 1 . 
Only valid if TagGapPresenfbM) = 1 . 



Number of output dot pairs to generate per tag line. 



Determines for the first/even (bit 0) and second/odd 
(bit 1 ) rows of tags whether or not the first dot position 
of the line is In a tag. 
1 a in a tag, 0 c in an inter-tag gap. 
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Table 126. TE Configuration Registers 




0x78 



YScele 



Bit 0 is 1 If there is an inter-tag gap in the dot dimen- 
sion, and 0 if tags are tightly packed. 
Bit 1 is 1 if there is an inter-tag gap fn the line cOmen- 
sion, and 0 if tags are tightly packed. 



Tag scale factor In Y direction. Output lines to the TFU 
will be generated YScale times. 



0x80 to 
0x84 



OotStartPos 



2x14 



Determines for the flrsVeven (0) and second/odd (1) 
rows of tags the number of dotpairs remaining minus 
1 , in either the tag or inter-tag gap at the start of the 
line. 



0x88 to 
0x8C 



NumTags 



2x8 



Setup band related registers 



Determines for the first/even and second/odd rows of 
tags how many tags are present in a line (equals 
number of tags minus 1). 



OxCO 



0xC4 



NextBandStartTagDa- 
taAdr 

(64-bit aligned DRAM 
address - should start at 
a 256-bit aligned loca- 
tion) 



NextBand EndOfTagData 
(64-bit aligned DRAM 
address) 



Holds the value of StarfTagDataAdr for the next band. 
This value Is copied to StarfTagDataAdr when 
DoneBand Is 1 and NextBand Enable Is 1 , or when Go 
transitions from 0 to t. 



Holds the value of EndOfTagData for the next band. 
This value Is copied to EndOfTagData when 
DoneBand Is 1 and NextBandEnaWe is 1, or when Go 
transitions from 0 to 1 . 



NextBandRrstTagUne- 
Height 



OxCC 



NextBandEnaWe 



Read-only band related registers 



Holds the value of FirstTagLineHelght for the next 
band. This value is copied to RrstTagUneH eight when 
DoneBand gets is t and NextBandEnaWe Is T, or 
when Go transitions from 0 to 1 . 



When NextBandEnaWe is 1 and DoneBand is 1, then 
when tejinlshedband Is set at the end of a band: 
-NextBandStartTagDataAdr is copied to StartTegOa- 
taAdr 

-NextBandEndOfTagData is copied to EndOfTagData 

-NextBandFirstTagUneHeight is copied to RrstTa- 

gLineHeight 

-DoneBand is cleared 

-NextBandEnaWe is cleared. 

NaxtBandEna&e is cleared when Go Is asserted. 
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Table 126.TE Configuration Registers 





^^^^^^^ 








OxDO 

• 


DoneBand 


1 


0 


Specifies whether the tag data interface has finished 

loading all the tag data for the band. 

It is cleared to 0 when Go transitions from 0 to 1. 

When the tag data interface has finished loading all 

the tag data for the band, the te^finishedband signal 

is given out and the DoneBand flag Is set. 

If NextBandEnabJe Isl at this time then startTagDa- 

taAdr. endOfTagData and OrstTagUneHeight are 

updated with the values for the next band and 

DoneBand is cleared. Processing of the next band 

starts immediately. 

If NextBandBnabte is 0 then the remainder of the TE 
will continue to run., while the read control unit waits 
for NextBandEnable to be set before it restarts. Read 
only. 


0xD4 


(64-bit aligned ORAM 
address - should start at 
a 256-bit aligned loca- 
tion) 


19 


0 


The start address of the current row of raw tag data. 
This is initially points to the first word of the barwf s tag 
data, which should be aligned to a 128-bit boundary 
(i.e. the lower bit of this address should be 0). Read 
only. 


0xD8 


EndOfTagData 
(64-bit aligned ORAM 
address) 


19 


0 


Points to the address ol the final tag for the band. 
When all the tag data up to and including address 
endOfTagData has been read in, the te_flnishedband 
signal is given and the doneBand flag is set. Read 
only. 


OxOC 


RrsfTagLfneHetght 


9 


0 


The number of lines minus 1 In the first tag encoun- 
tered in this band. This will be equal to TagMaxUne if 
the band starts at a tag boundary. Read only. 




trs (set before starling the 


TE and must not be touched between bands) 


0x100 


LinelnTag 


1 


0 


Determines whether or not the first line of the page Is 
in a line of tags or In an inter-tag gap. 
1 - in a tag, 0 - in an inter-tag gap. 


0x104 


LinePos 


14 


0 


The number of lines remaining minus 1, in either the 
tag or the Inter-tag gap In at the start of the page. 


0x1 10 to 
0x1 1C 


TagData 


4x32 


0 


This 128 bit register must be set up Initially with the 
fixed data record for the page. This Is either the lower 
40 (or 56) bits (and the enoodeFixed register should 
be set), or the lower 120 bits (and encodedFixed 
should be clear). The tagDataJO] register contains the 
lower 32 bits and the tagData(3] register contains the 
upper 32 bits. 

This register is used throughout the tag encoding 
process to hold the next tag's variable data. 


Work register 
Read-only frc 


rs (set Internally) 

>m the point of view of PCU register access 


0x140 
0x144 


DotPos 

CurrTagPlaneAdr [ 


14 
14 


0 
0 


Defines the number of dotpairs remaining in either the 
tag or inter-tag gap. Does not need to be setup. 


0x148 


DotslnTag 


1 


0 i 


The dot-pair number being generated. 

Determines whether the current dot pair is in a tag or 
not 

1 - In a tag, 0 - In an inter-tag gap. 
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Table 126. TE Configuration Registers 




0x14C 



0x154 



0x158 



0x1 5C 



0x164 



0x166 



TagAltSense 



CurrTPSAdr (64-bit 
aligned DRAM address) 



19 



ReadsRemainlng 



CountX 
CountY 



RtcftagSense 



RawTagDataAdr 
(64-bit aligned DRAM 
address) 



19 



Determines whether the production of output dots Is 
tor the first (and subsequent even) or second (and 
subsequent odd) row of tags. 



Points to the start next line of the TPS to be read in. 



Number of reads remaining in the current burst from 
the raw tag data interface 



The number of tags remaining to be read (rrdnus 1 ) by 
the raw tag data interface tor the current line. 



The number of times (minus 1) the tag data for the 
current line of tags needs to be read In by the raw tag 
data interface. 



Determines whether the raw tag data Interface is cur- 
rently reading even rows of tags (=0) or odd rows of 
tags (*1 ) with respect to the start of the page. Note 
that this can be different from tagAitSense since the 
raw tag data interface is reading ahead of the produc- 
tion of dots. 



The current read address within the unencoded raw 
tag data. 



control 
pcu_dataoutf31:0] . 



write^ 




decode} 






te_pcu_dataln[31:0] 



te_pcu_rdy 



Figure 153. Block diagram of PCU accesses 
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26.6.5.1 Starting the TE and restarting the TE between bands 

The TE must be started after the TFU. 

For the first band of data, users set up NextBandStart7hgDataAdr t NextBandEndTagData and NextBand- 
FirstTagLineHeight as well as other TE configuration registers. Users then set the TE's Go bit to start pro- 
cessing of the band. When the tag data for the band has finished being decoded, the tejinishedband 
interrupt will be sent to the PCU and ICU indicating that the memory associated with the first band is now 
free. Processing can now start on the next band of tag data. 

In order to process the next band NextBandStattTagDataAdr, NextBandEndTagData and NextBandFirst- 
TagLineHeight need to be updated before writing a I to NextBandEnabie. There are 4 mechanisms for 
restarting the TE between bands: 

^.tejinishedband causes an interrupt to the CPU. The TE will have set its DoneBand bit. The 
CPU reprograms the NextBandStartTagDataAdr, NextBandEndTagData and NextBandFirstTa- 
gLineHeight registers, and sets NextBandEnabie to restart the TE. 

b.The CPU programs the TE's NextBandStartTagDataAdr, NextBandEndTagData and NextBand- 
FirstTagLineHeight registers and sets the NextBandEnabie flag before the end of the current 
band. At the end of the current band the TE sets DoneBand. As NextBandEnabie is already I , 
the TE starts processing the next band immediately. 

cThe PCU is programmed so that tejinishedband triggers the PCU to execute commands from 
DRAM to reprogram the NextBandStartTagDataAdr, NextBandEndTagData and Next- 
BandFirstTagLineHeight registers and set the NextBandEnabie bit to start the TE processing 
the next band. The advantage of this scheme is that the CPU could process band headers in 
advance and store the band commands in DRAM ready for execution. 

d.This is a combination of b and c above. The PCU (rather than the CPU in b) programs the TE's 
NextBandStartTagDataAdr, NextBandEndTagData and NextBandFirstTagLineHeight registers 
and sets the NextBandEnabie bit before the end of the current band. At the end of the current 
band the TE sets DoneBand and pulses tejinishedband. As NextBandEnabie is already I , the 
TE starts processing the next band immediately. Simultaneously, tejinishedband triggers the 
PCU to fetch commands from DRAM. The TE will have restarted by the time the PCU has 
fetched commands from DRAM. The PCU commands program the TE next band shadow reg- 
isters and sets the NextBandEnabie bit. 

After the first tag on the page, all bands have their first tag start at the top i.e. NextBandFirstTagLineHeight 
= TagMaxLine. Therefore the same value of NextBandFirstTagLineHeight will normally be used for all 
bands. Certainly, NextBandFirstTagLineHeight should not need to change after the second time it is pro- 
grammed. 
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| 26.6.6 TE Top Level FSM 

The following diagram illustrates the states in the FSM. 



Reset QRf,ft~.n 




while producing valid tag 



Figure 154. Tag Encoder Top-Level FSM 

At the highest level, the TE state machine steps through the output lines of a page one line at a time, with 
the starting position either in an inter-tag gap (signal dotsintag - 0) or in a tag (signals tfsvalid and tdvalid 
and lineintag - 1) (a SoPEC may be only printing part of a tag due to multiple SoPECs printing a single 
line). 

If the current position is within an inter-tag gap, an output of 0 is generated. If the current position is 
within a tag, the tag format structure is. used to determine the value of the output dot, using the appropriate 
encoded data bit from the fixed or variable data buffers as necessary. The TE then advances along the line 
of dots, moving through tags and inter-tag gaps according to the tag placement parameters. 



Table 127 highlights the signals used within the FSM. 
Table 127. Signals used within TE top level FSM 






pew 


Sync dock used to register all data within the FSM 


prstjn, te^reset 


Reset signals 


advtagline 


1 cydes pulse indicating to TOI and TFS sub-blocks to move onto the next line of 
Tag data 


currdotJJneadrt13:0) 


Address counter starting 2 pclk ahead of currtagpianeadr to generate the correct 
dotpair for the current line 


dotpos 


Counter to identify how many dotpaJrs wide the tag/gap is 


dotsintag 


SignaJ identifying whether the dotpair are in a tag(1 )/gap(0) 


lineintag_temp 


Identical to lineintag but generated 1 pclk earlier 


llnepos_shadow 


Shadow register tor Unepos due to tinepoa being written to by 2 different proc- 
esses 


talaJtsense 


Flag which alternates between tag/gap lines 


te_state 


FSM state variable 


teplanebuf 


6-bit shift register used to format dotpairs into a byte for the TFU 


wradvtJne 


Advance line siQnal strobed when the last byte in a line is placed on te tfu wdata 



Doc: SoPEC_hardware_desigrt 
Version: 2.3 



.S3 Proprietary Document 



29 Nov 2002 
Page 380 



SoPEC : Hardware Design 



Due to the 2 system clock delay in the TFS (both Table A and Table B outputs are registered) the TE FSM 
is working 2 system clock cycles AHEAD of the logic generating the write data for the TFU. As a result 
the following control signals had to be single/double registered on the system clock ' 



dotsintag * 
tdvalid ■ 
tfsvalid ■ 
tfu_ok_write • 
lineintag^temp - 



A 



pclk 



dotsintag 1 


tdvalidl 




tfsvalid 1 


» 


tfu_ok_writel 

linainfm 1 


► 

► 



->dotsintag2 
-Mdvalid2 
->tfsvalid2 
-►tfu_ok_write2 



Figure 155. Generated Control Signals 

The tag_dot_line state can be broken down into 3 different stages. 

Stagel: r The state tag_dotJine is entered due to the go signal becoming active. This state controls the 
wnang of dotbytes to the TFU. As long as the tag line buffer address is not equal to the do^atperUne 
register value and tfu_te_okto*,me is active, and there is valid TFS and TD available or taggaos dotoairs 
are buffered Unto bytes and written to the TFU. The tag line buffer address is used intern^ but' SSS 
plied to the TFU since the TFU is a FIFO rather than the line store used in PEC1 . 

^!T? ra ^ 8 , the ? 0tline ° f 3 ta8 ' 8ap line ittHebUa * fla * = ») the ** position counter dotpos is decre- 
mented/reloaded (with tagmaxdotpairs or taggapdot) as the TE moves between tags/gaps. The dotsintag 

—ISr St V™; (0 for a gap ' 1 for a ,ag) - ™ s pattcm c ° n *™ s «-» *» ™« rfS52 

approaches (currdothneadr =~ dotpairsperline). 

iTZZ^f^Z^ <hB , md ? f * B dotliM the and tagaltsense signals must be prepared 

forthenextdotlinebeitinatag/gapdotlineorapurelygapdotline. 

Stege*- At this point the end of a dot line is reached so it is time to decrement the linepos counter if still in 
a ug/gap row or reload the linepos register, counter and reprogram the dotsintag flag if goinj onto 

SSUSr h 1 TT" T ^ Signal Wi * ^ " tCmp eX,ension means this 4i«er islpdatS a 
rows wS 2 ? °I 1631 l ° 8Ct itS CtMTCCt ^ While Switchin « between dot lines and tag 

\ C0UntCrS reach 2ero Le whcn = 0 the end of a tag/gap has been 

eached. when tnepos = 0 the end of a tag row is reached. This stage uses the signals JSI^ 
raga/t*™. which were generated one system clock cycle earlier in Stage 1 ™*tag_temp ana 



£ LSR^f ,m P ,eme » ts * e wnto 8 of dotpairs to the correct part of the 6-bit shift register based on 
the LSBs of currtagplaneadr and also implements the counter for the currtagplaneadr. lie currtagpZ 

for i,"JS? °" h?"? r? agptt "' ea f r " «o'?™P" 1 ™ - 1)- All the qualifier signals e.g £2£ 
for this stage are delayed by 2 qwm c/ocA cycles i.e. the currtagplaneadr (which is the internal S 
address not needed by the TFU) cannot be incremented until the do^airs are available wWc Says 2 
system clock cycles later than when currdotlineadr is incremented. Y 
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The wradvline and advtagline pulses are generated using the same logic (currently separated in the PEC1 
Tag Encoder VHDL for clarity). Both of these pulses used to update further registers hence the reason they 
do not use the delayed by 2 system clock cycle qualifiers, 

26.6.7 Combinational Logic - 

The TDI is responsible for providing the information data for a tag while the TFSI is responsible for decid- 
ing whether a particular dot on the tag should be printed as background pattern or tag information. Every 
dot within a tag*s boundary is either an information dot or part of the background pattern. 



TDI 



tdi_etd0 



TFS 
Interface 



tdl_etd1 



tfsLta_dot0[1] 



tfsLta_dotO[0) 



tfsLta_dot1[1] 



tfei_ta_dot1[0) 



O 



dotsintag 

Figure 156. Logic to combine dot information and Encoded Data 

The resulting lines of dots are stored in the TFU. 

The TFSI reads one Tag Line Structure (TLS) from the DIU for every dot line of tags. Depending on the 
current printing position within the tag (indicated by the signal tagdomum), the TFS interface outputs dot 
information for two dots and if necessary the corresponding read addresses for encoded tag data. The read 
address are supplied to the TDI which outputs the corresponding data values. 

These data values {tdi_etdO and tdi_etdl) are then combined with the dot information (tfsi_ta_dotO and 
tfsiJtajdotV) to produce the dot values that will actually be printed on the page {dots), see Figure 1 56. 



lastdotintagl 



dotsintag 
tf svaltd 
t dyajjd 
d otpos 




currdoi 

dotpairsp erjtne 



Figure 157. Generation of Lastdotintag/1 

The signal lastdotintag is generated by checking that the dots are in a tag (dotsintag = 1) and that the dot- 
position counter dotpos is equal to zero. It is also used by the TFS to load the index address register with 
zeros at the end of a tag as this is always the starting index when going from one tag to the next, lastdotin- 
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tag is gated with advtagUne in the TFSi (Table C) where aa\_tfs_line pulse is used to update the Table C 
address reg for the new tag line - this is because lastdotintag ociurs a cycle e JlSan aaTSs Unlti^ 
would result in the wrong Table C value for the last dot£ir. Uu^L^VS^^^^ 
(etd_sw l tch state) to pulse the etd^aavtag signal hence switching buffers in the ETDi for the nexltag 

l T t d0tiMaSl is i( ? entiCaJ Xoltutdotin tag except it is combinatorial^ generated (1 cycle earlier 
<^ astdoantag, except at the end of a /^<he). Jkftfortna*/ signal is only £J, in me ^ ^™ 
Ato/rf signal on the cycle when ^o, - o. Note the UNSIGNED^JnWr) = UNS SSJte 
pairsperhne) - 1 not WSlGOTD^^Wr) = UNSIGr^D(^ a ^ e rie)^ 2 afE Ae 
lastdotintag^en process as this is an combinatorial process ^ J as in the 



dotslntagj 

trivqlirtl t 7 Looic "N dotposvalid 

t©_tlbi_QaQiatdiaiN 



Figure 158. Generation of Dot Position Valid 

The dotposvalid signal is created based on being in a tag line (lineintael = n Hnr« »«.,„« .„ , * 



dotsintag 
tfsvalid2 
tdva!id2- 
currtagplaneadr 




> te_tfu_we 



> te_tlbi_wradr 



Figure 159. Generation of write enable to the TFU 
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The signal tejtjujwdatavalid can only be active if in a taggap or if valid tag data is available (tdvalid2 and 
tfsvalid2) and the currtagpplaneadr(\:0) equal 1 1 i.e. a byte of data has been generated by combining four 
dotpairs. 



tagmaxdotpairs 




tagdotnum 


► 

a 




► 



^dotpos 

Figure 160, Generation of Tag Dot Number 

The signal tagdotnum tells the TFS how many dotpairs remain in a tag/gap. It is calculated by subtracting 
the value in the dotpos counter from the value programmed in the tagmaxdotpairs register. 



Doc: SoPEC_harcfware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 384 



SoPEC : Hardware Design 



J3 



26.7 Tag Data Interface (TDi) 

26.7.1 f/O Specification 

Table 128. TDI Port List 











pcJk 


+£- 


SoPEC system dock 


prst_n 




Active-low, synchronous reset in pdk domain. 


DJU Read Interface Signals — 


diu_dataf63:0] 


In 


Data from ORAM. 


td_diu_rreq 


Out 


Data request to DRAM. 


td_diu_radr{21:5] 


Out 


Read address to DRAM. 


dlu_td_rack 


In 


Data acknowledge from DRAM. 


dtu_td_rvaIkJ 


In 


Data valid signal from DRAM. 


PCU Interface Data, Control Slgna 


Is and 


pcu_dataout(31:0] 


In 


PCU writes this data. 


pcu_addr[8:2J 


In 


PCU accesses this address. 


pcu_rwn 


In 


Global readAwite-not signal from PCU. 


pcu_le_sel 


In 


PCU selects TE for r/w access. 


pcu_te_reset — 


In 


PCU reset 


td_te_doneband ~ 

td_te_dataredun 

td_Je_decode2den 

td_te_variabledatapresent 

td_te_en codefixed 

td_te_numtagsO 

td_te_numtags1 

td_te_starttagdataadr 

td_te_rawtagdataadr 

td_te_endoftagdata 

td_te_firsttaglinehelght 

td_te_tagdataO 

td_te_tagdata1 

td_te_tagdata2 

td_te_tagdata3 

td_te_countx 

td_te_county 

td_te w rtdtagsense 

td_te_readsremaining 


Out 


PCU readable registers. 


TFS (Tag Formal Structure) 




tfsLadrOfB:0] 


In 


Read address for dotO 


tfsi_adr 1(6:0] 


In 


Read address for dot1 


Bandstore Signals - 




cdu_startofbandstore[24 :0 J 


In 


Start memory area allocated for page bands 


cdu_en dofban dstore[24:0) ™ 


In 


Last address of the memory allocated for page bands 


te_ftnlshedband 


Out l 


Tag encoder band finished 
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tejinlshedband 




* tdVaDd 
lastDoHnTag 
testDotlnTagl 



> tagtePrintod 



etdRdAdrO 



etdRdAdii 



Figure 161. TOI Architecture 



26.7.2 Introduction 

The tag data interface is responsible for obtaining the raw tag data and encoding it as required by the taa 
encoder. The smallest typical tag placement is 2mm x 2mm, which means a tag is at least 126 1600 doi 
dots wide. w ^ 

In PEC1, in order to keep up with the HCU which processes 2 dots per cycle, the tag data interface has 
been designed to be capable of encoding a tag in 63 cycles. This is actually accomplished in approximately 
52 cycles within PEC1. For SoPEC the TE need only produce one dot per cycle; it should be able to pro- 
duce tags in no more than twice the time taken by the PEC1 TE. Moreover, any change in implementation 
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from two dots to one dot per cycte should not lose the 63/52 cycle performance edge attained in the PEC1 



^ r ! h °^ A '" F ' gUre ^ *e tag data interface contains a raw tag data interface FSM that fetches tag data 
from DRAM, two symbol-at-a-time GF(2 4 ) Reed-Solomon encoders, an encoded data interface and a state 

? m rl 0t T °, g , the 1 eaC ° diBg pr0Cess - 11 51150 contains a ta S Dala re 8ister that needs to be set up to 
hold the fixed tag data for the page. ^ 

me e oSbI!in& din8 ^ *" re8iStCrS TE - encode fi xed - TE.dataredun and TE_decode2den 

• (1 5,5) RS coding where every 5 input symbols are used to produce 1 5 output symbols, so the output is 
3 times the size of the input. This can be performed on fixed and variable tag data. 

• (15.7) RS coding, where every 7 input symbols are used to produce 15 output symbols, so for the same 
number of mput symbols, the output is not as large as the (15,5) code (for more details see section 
26.7.6 on page 400). This can be performed on fixed and variable tag data. 

• 2D decoding, where each 2 input bits are used to produce 4 output bits. This can be performed on fixed 
and variable tag data. 

" W! T e me ' S Simply DaSSed int0 me Encoded Data Interface. This can be performed on 

nxed data only. 

?! ?* ° f * ag d T thiS i8 Same for Cach ** on the W) and variable tag 

data (i.e. different for each, tag on the page). • »«««=«b 

ISc wh?" n 54005(1 iB ° R f JVI 35 ' 2 °- bitS Whcn " is coded (° r n ° «ding * required). 

223L^Sf kVT^ | ,S re T red 01 56 " DitS WheD ° 5,7) ^ is re 1 uired - Once the fixed tag data 
is coded it is 1 20-bits long. It is then stored in the Encoded Tag Data Interface. 

bS SZSt S 1 ^ " St0red ; , \ the D JAM in uncoded form. When (15,5) coding is required, the 120- 
bite stored m DRAM are encoded into 360-bits. When (15.7) coding is required, the 1 12-bits stored in 

v£Jrf VZZLfT 2 t°- bitS \ Whea 2D decodin « is re 9 u ™ d «* 120-bits stored in DRAM are con- 
verted into 240-b.ts. In each case the encoded bits are stored in the Encoded Tag Data Interface. 

The encoded fixed and variable tag data are eventually used to print the tag. 

tag data " iT^ in °" Ce fiom the DRAM at the «« of a P a «e- It is encoded as necessary and 
is then stored in one of the 8xlS-b,ts registers/RAMs in the Encoded Tag Data Interface. This dataremains 
unchanged in the registers/RAMs until the next page is ready to be processed. 

The 120-bits of unencoded variable tag data for each tag is stored in four 32-bit words. The TE re-reads 
JIT,™ S"L "I f T * partiCU,ar ** fr0m ORAM, every time it produces that tag. The variable ta e 
data FIFO which reads from DRAM has enough space to store 4 tags vunaoie rag 
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| 26.7.3 Data Flow 

An overview of the dataflow through the TDI can be seen in Figure 162 below. 



ENCODED TAG DATA INTERFACE 

-Encoded ftud data can be up to 120 bits Km 
•Use 2 buffers to aftow tor 2 simultaneously 
READ* In one cycle. 

•These stores hold the fixed teg data for t tag. 
-Total memory . 120x2 - 240 bits 



RAW TAG DATA INTERFACE 
B'64 



TAG DATA REGISTER 




REED SOLOMON/ 
DECODE 2D 



-The requested teg is READ 
Into (his 1 28-bit buffer. 
-This buffer can be updated 
Up to 163 times/fine. 
-Each tag wSJ be loaded 
at feast 128 times. 



•min dot/tag 129 (specified) 
-max dots/One • ieooxi2.B = 20*60 
-max ttga/Brio- 20480/1 26- 163 
•max variable data/tag - 120 
•max amount of tag data/line - 120 x 164 ■ 
•Spat me 120 tag data bits into 2x64-blts (6 spare Ufa) 
•Max memory needed tor 1 fine of tag data - 2x64x164 - 656x32 
•Divide this in half to allow for simultaneous READ/WRITE 
-Once afl thte data ts loaded It will be valid tor at least 126 fines. 
-From the specification, we must be able to process 2 dots/fcycte. 
-126 Ones contains 20480x126 - 2580460 dots. 
•Therefore (he data win be updated at most every 1290240 cycles. 
-Total memory ■ 164x2x64 - 20992-bitS 
-The atore uses 9-bit addressing. Btt-9 fedfcates which buffer. 
•Once printing has started each half butler has 1/2 a line In which to be loaded 
!.e. tor a 1 2JB inch line it has 10240 dots or 9 1 20 cycles 
tor an 8 Inch fine it has 6400 dots o/ 3200 cycles 




•Have to be able lo read one tag* data 
Irom the Raw Tag Data Interlace, RS 
encode and store it in the Encoded Tag 
Oata Interface in 63 cycles or less. 



-Encoded variable data can be up to 360 bits long 
•Use 2 buffers to eflow tor 2 simultaneously 
READs in one cycle. 

-Use 2 buffers to aUcw tor simultaneously 
READ/WRITE 

-Total memory - 360x2x2 - 1280 bits 
•Min tag width- 126 dots 

it 1 tag can be read - 126/2 - 53cycfcs 



Figure 162. Data Flow Through the TDI 

The TD interface consists of the following main sections: 

• the Raw Tag Data Interface - fetches tag data from DRAM; 
. ♦ the tag data register; 

• 2 Reed Solomon encoders - each encodes one 4-bit symbol at a time; 

• the Encoded Tag Data Interface - supplies encoded tag data for output; 

• Two 2D decoders. 

2e oTido^e™^ SpeCifi ° ati ° n f ° r PEC1 is that the TE raust bc abI * to output data at a continuous 
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26.7.4 



Raw tag data interface 

The raw tag data interface (RTDI) provides a simple means of accessing raw tag data in DRAM The RTDI 
passes tag data into a FIFO where it can be subsequently read as required. The 64-bit output from the 
FIFO can be read directly, with the value of the wr_rd_counter being used to set/reset as the enable signal 
(rtdAvail). The FIFO is clocked out with receipt of an rtdRd signal from the TS FSM. 
Figure 163 shows a block diagram of the raw tag data interface. 

DRAM Interface 



raw tog data 
Interface 



raw tag data 

FIFO 
(8x64-btts) 



dlu_data[63:0] 



ftd_fifb_wr_er> 

rdptr 

pdk 



rtdbufl64:0] 



17 



rtd state 
machine 



te_fintehedband 



rtdbufI63:Q) 



(2* rtdbuf data registered in Tag Data Reg) 




(rtdrd generated in TD FSM) 



rtdavall 



i 1 +i U 1 




u 


i -r 

D Q 




wr_fd,coumar 








► 


pdk ^ 


> - 







Figure 163. Raw tag data Interface block diagram 



26.7.4.1 RTDI FSM 



The RTDI state machine is responsible for keeping the raw tag FIFO full. The state machine reads the line 
of tag data once for each Printline that uses the tag. This means a given line of tag data will be read at least 
126 times since the tag height is 126 lines for 2 mm tags. Note that the first line of tag data may be read 
fewer than 126 tames since the start of the page may be within a tag. In addition odd and even rows of tags 
may contain different numbers of tags. 
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Section 26.6.5.1 outlines how to start the TE and restart it between bands. Users must set the NextBand- 
StartTagDataAdr, NextBandEndOJTagData, NextBandFirstTagLineHeight and numTagsfOJ, numTagsf 
registers before starting the TE by asserting Go. 

To restart the tag encoder for second and subsequent bands of a page, the NextBandStartTagDataAdr 
NextBandEndOJTagData and NextBandFirstTagLineHeigh registers need to be updated (typical^ 
numTagsfOJ and numTagsflJ wilt be the same if the previous band contains an even number of tag rows) 

Z fSe^ef 'btos 561 ' ^ 26 6 51 *" " ™ deSCfip,ion of the four of reprogrlming 

The tag data is read once for every printline containing tags. When maximally packed, a row of tags con- 
tains 163 tags (see Table 121 on page 364). * r . & 

The RTDI State Flow diagram is shown in Figure 164. An explanation of the states follows: 
idle state:- Stay in the idle state if there is no variable data present. If there is variable data present and 
there are at least 4 spaces left in the FIFO then request a burst of 2 tags from the DRAM (1 * 2S6bits) 
Counter couna is assigned the number of tags in a even/odd line which depends on the value of register 
rtdtagsense. Down-counter county is assigned the number of dot lines high a tag will be (min 126) Ini- 
tally .t must be set rtejtrsttaglineheight value as the TE may be between pages (i e. a partial tag) For nor- 
mal tag generation com*^ will take the value of tagmaxline register. 8* r or nor 

J^f ff w: : Thediu.access state will generate a request to the DRAM if there are at least 4 spaces in the 

!f " * n ^ Catcd by * e counter wr_rd_counter which is incremented/decremented on writes/reads 

.ul^'T iS 1CSS than 4 ta 8 ^h) *ere must be 4 locations free. A 

control signal called UdJUu_radrvahd is generated for the duration of the DRAM burst access. Addresses 

TE Code") ° OUnter *^'-«M«tf controls this signal, (will involve modification to existing 

SX- irssissraiT in ,ine *" the 1351 dram ^ win contain a 188 in *• ■* 1 28 bits «« 

fifojoadi. This state controls the addressing to the DRAM. Counters cc/itr and counry are used to moni- 
tor whether the TE is processing a line of dots within a row of tags. When count* is zero it means all tag 
dote for ttus row are complete. When county is zero it means the TE is on the last line of dots (prior to Y 

ZfX° T T ° f ^ 8S - When a TOW ° f 1288 is com P le,e ««" of rtdtagsense is inverted (odd/ 
even). The rawtagdataadr is compared to the te_endoftagdata address. If rawagdataadr = endojtagdata 
die rf««W»ignrf is set, the finishedband signal is pulsed, and the FSM enters the rtdjstall sute until 
the doneband s.gnal ,s reset to zero by the PCU by which time the rawtagdata, endoftagedata and firstta- 
f™»«8h> reg>sten ; are setup with new values to restart the TE. This state is used to count the 64-bit reads 
from the DIU. Each time diu_td_rvalid is high rtd_data_count is incremented by 1. The compare of 
il^rT^r rtd ~ num ,s neccessary to find out when either all 4*64-bit data has been received or 
n 64-bit data (depending on a match of rawtagdataadr - endofiagdata in the middle of a set of 4*64-bit 
values being returned by the DIU. 

Afr™?^ 51416 W f £ f ?c th . C thC doneba r d t0 be ™« <«• Page 379 for a description of how 

tins occurs). Once reset the FSM returns to the idle state. This states also performs the same count on the 
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diu_data read as above in the case where diujtd_rvalid has not gone high by the time the addressing is 
complete and the end of band data has been reached i.e. rawtagdataadr = endoftagdata 



variabledateoresent = 0 



J3C 



IDLE 



cq °=»1.AND wr rd counter < IS 



»(piLLACCESs) 



end of 
burst 



dhi td racK «= 1 



LOAD 



doneband 



=-<• 



o 



doneband = 1 



RTD_STALL 



Figure 164. RTDI State Flow Diagram 



DRAM addresses 



address 
increasing 



band N V 1 



cd u_sta rtofband store 

TE_endo hag data (for band N) 

TE.endoftagdata (tor band N+1) 
cdu_endofbandstore 



Figure 165. Relationship between TE.endoftagdata, cdu_startofbandstore and 

cdu_endofbandstore 
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26.7.5 TDI state machine 

The tag data state machine has two processing phases. The first processing phase is to encode the fixed tag 
data stored in the 128-bit (2 x 64-bit) tag data register. The second is to encode tag data as it is required by 
the tag encoder. * 

When the Tag Encoder is started up, the fixed tag data is already preloaded in the 128 bit tag data record. If 
encodeFixed is set, then the 2 codewords stored in the lower bits of the tag data record need to be encoded: 
40 bits if dataRedun = 0, and 56 bits if dataRedun = 1. If encodeFixed is clear, then the lower 120 bits of 
the tag data record must be passed to the encoded tag data interface without being encoded. 

When encodeFixed is set, the symbols derived from codeword 0 are written to codeword 6 and the sym- 
bols derived from codeword 1 are written to codeword 7. The data symbols are stored first and then the 
remaining redundancy symbols are stored afterwards, for a total of 15 symbols. Thus, when dataRedun = 
0, the 5 symbols derived from bits 0-19 are written to symbols 0-4, and the redundancy symbols are writ- 
ten to symbols 5-14. When dataRedun - 1, the 7 symbols derived from bits 0-27 are written to symbols 0- 
6, and the redundancy symbols are written to symbols 7- 14. 

When encodeFixed is clear, the 120 bits of fixed data is copied diTectly to codewords 6 and 7. 
The TDI State Flow diagram is shown in Figure 166. An explanation of the states follows. 




Figure 166. TDI State Flow Diagram 

idle:- In the idle state wait for the tag encoder go signal - top_go « 1. The first task is to either store or 
encode th e Fixed data. Once the Fixed data is stored or encoded/stored the donefixed flag is set. If there is 
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no variable data the FSM returns to the idle state hence the reason to check the donefixed flag before 
advancing i.e. only store/encode the fixed data once. 

In the fixed_data state the FSM must decode whether to directly store the fixed data in the 
ETDi or tf the fixed data needs to be either (15:5) (40-bits) or (15:7) (56-bits) RS encoded or 2D decoded 
The values stored in registers encodefixed and dataredun and decode2den determine what the next state 
should be. 

bypass _jo_etdi.- The bypass_to_etdi takes 120-bits of fixed data(pre-encoded) from the tag_data(l27Q) 
register and stores it in the 15*8 (by 2 for simultaneous reads) buffers. The data is pasTed from the 
tag data renter through 3 levels of muxing (levell, Ievel2, level3) where it enters the RS0/RS1 encoders 
(which are now in a straight through mode (i.e. control.S and controlj? are zero hence the data passes 
straight from the input to the output). The MSBs of the etd_wr_adr must be high to store this data as code- 
words 6,7. 

etd_buf_switch> This state is used to set the tdvalid signal and pulse the etd_adv tag signal which in turn 
is used to switch the read write sense of the ETDi buffers (wrsbO). The firsttime signal is used to identify 
the first time a tag is encoded. If zero it means read the tag data from the RTDi FIFO and encode Once 
encoded and stored the FSM returns to this state where it evaluates the sense of tdvalid. First time around 
it will be zero so this sets tdvalid and returns to the readtagdata state to fill the 2nd ETDi buffer. After this 
the FSM returns to this state and waits for the lastdotintag signal to arrive, to between tags when the last- 
dotingtag signal is received the etd_adv_tag is pulsed and the FSM goes to the readtagdata state. However 
if the lastdotintag signal arrives at the end of a line there is an extra 1 cycle delay introduced in generating 
the etd_adv_tag pu l se (via etd_adv_tag_endofline) due to the pipelining in the TFS. This allows all the 
previous tag to be read from the correct buffer and seamless transfer to the other buffer for the next line. 
readtagdata:- The readtagdata state waits to receive a rtdavail signal from the raw tag data interface which 
indicates there .s raw tag data available. The tag_data register is 128-bits so it takes 2 pulses of the rtdrd 
signal to get the 2*64-bits into the tag_data register. If the rtdavail signal is set rtdrd is pulsed for 1 cycle 
and the FSM steps onto the loadtagdata state. Initially the ^first64bits will be zero. The 64-bits of rtd 
are assigned to the tag_data(63.0] and the fa S first64bits is set to indicate the first raw tag data read is 
ST™, P C n step9 back ,0 'ead_tagdata *ate where it generates the second rtdrd pulse 

The FSM then steps onto the loadtagdata state for where the second 64-bits of rawtag data are assigned to 
tag^_aata[ 128:64], 

loadtagdata-.. The loadtagdata state writes the raw tag data into the.tag_data register from the RTDi FIFO 
Thefirst64bits flag is reset to zero as the tag_data register now contains 120/1 12 bite of variable data A 
decode of whether to (1 5:5) or (1 5:7) RS encode or 2D decode this data, decides the next state. 

?r IS cf '\, Tbt "r 15 " 5 ^ eed Solomon < 15:5 ) aKxte) state either encodes 40-bit Fixed data or 120-bit 
Variable data and provides the encoded tag data write address and write enable (etd_wr adr and etdwe 
respectively). Once the fixed tag data is encoded the donefixed Rag is set as this only needsto be done once 
per page The voriabledatopresent register is.then polled to see if there is variable data in the tags If there 

n."*?.! 1 ^?J2 eSent thCn MS mUSt be read from *• RTDi ■*» load «> «"»» *e tag_data register 
Else the tdvalid flag must be set and FSM returns to the idle state. control_5 is a control bit for the RS 
Encoder and controls feedforward and feedback muxes that enable (15:5) encoding. 

The «- 15 -5 state also generates the control signals for passing 120-bits of variable tag data to the RS 
encoder in 4-bit symbols per clock cycle. rs_counter is used both to control the levell mux and act as the 
1 5-cycIe counter of the RS Encoder. This logic cycles for a total of 3* 1 5 cycles to encode the 120-bits. 

bo7s fnstead^of 5 _1 $ ~ 7 " *° ^ 5 ~ 5 CXCePt Ievell - mux has to 7 sym- 

deeode 2d_l 5 5 decode Jd_15_7-.- The decode_2d states provides the control signals for passing the 
120-bit variable data to the 2D decoder. The 2 Isbs are decoded to create 4 bits. The 4 bits from each 
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decoder axe combined and stored in the ETDi. Next the 2 MSBs are decoded to create 4 bits. Again the 4 
bits from each decoder are combined and stored in the ETDi. 

As can be seen from Figure 161 on page 386 there are 3 stages of muxing between the Tag Data register 
and the RS encoders or 2D decoders. Levels 1-2 are controlled by level l_mux and level2_mux which are 
generated within the TDi FSM as is the write address to the ETDi buffers ~(etd mm wr_jadr) 

Figures 1 67 through 172 illustrate the mappings used to store the encoded fixed and variable tag data in the 
ETDI buffers. 
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Figure 1 67. Mapping of the tag data to codewords 0-7 
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TE__tagdata( 
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Figure 168. Coding and mapping of uncoded Fixed Tag Data for (15.5) RS encoder 
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Figure 169. Mapping of pre-coded Fixed Tag Data 
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Figure 170. Coding and mapping of Variable Tag Data for (15.7) RS encoder 
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TE_tagdata(111:0) 



dO to d13 are encoded and stored 
during cycles N to N+14 
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Figure 171. Coding and mapping of uncoded Fixed Tag Data for (15,7) RS encoder 
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Figure 172. Mapping of 2D decoded Variable Tag Data 
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26.7.6 Reed Solomon (RS) Encoder 



26.7.7 Introduction 



A Reed Solomon code is a non binary, block code. If a symbol consists of m bits then there are q = 2 m pos- 
sible symbols defining the code alphabet. In the TE, m = 4 so the number of possible symbols is q - 16 

£l nrAnl^r?* 5 1?°** 'f 16 ™ thk symbols and n code-word symbols. RS codes have 

the property that the code word n is limited to at most q+1 symbols in length. 

™ n ° f ^J 8, b ° th ( i 5>5) ° 5,7> RS ^ «n be used. This means that up to 5 and 4 symbols 
respectively can be corrected. 7 s 

ISLTtS^ f R 5 ^ partiCUlar W - ^ ^ ^ to be used is determined by the 

registers TE_dataredun and TE_decode2den: 

• TE_dataredun = 0 and TE_decode2den - 0. then use the (1 5,5) RS coder 

• TE_dataredun = 1 and TE_decode2den = 0, then use the (1 5.7) RS coder 

For a(I5,k) RS code with m = 4. k 4-bit information symbols applied to the coder produce 15 4-bit code- 
A simple block diagram can be seen in. 



12 h*1 k 

nmEnnnm i ussssnnssi 



RS (n,k) encoder 
symbol size m=4 



1 2 n-1 n 

naaniEm ::: mamma 



Figure 173. Simple block diagram for an m=4 Reed Solomon Encoder 

26.7.8 I/O Specification 

A I/O diagram of the RS encoder can be seen in. 



pdk 



pret_n 



ra_data_lnf3:0] 



enable 



T£_dataredun 



Reed Solomon Encoder 



rs_data_<xrt j3:0) 



Figure 174. RS Encoder I/O diagram 

26.7.9 Proposed implementation 

In the case of the TE, (1 5,5) and (1 5,7) codes are to be used with 4-bits per symbol. 
The primitive polynomial is p(x) = x 4 + x + 1 
In the case of the (1 5,5) code, this gives a generator polynomial of 
g(x) = (x^)(x^ 2 )(x+a 3 Xx+a 4 )(x+a^^ 

g(x) = x 10 + aV + a 3 x 8 + a 9 x 7 + a*x 6 + a 1 V + a 2 x 4 + ax 3 + a 6 x 2 + ax + a 10 

g(x)"* 10 + S9* 9 + g 8 X 8 + g 7 X 7 + ggX 6 + g$ X 5 + g4X 4 + g3 X 3 + g 2 X 2 + gl X + go 
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In the case of the (1 5,7) code, this gives a generator polynomial of 

h(x) = (x^)(x+a 2 )(x^ 3 Xx^ 4 Xx^ 5 )(x+a^(xV)(x+a 8 ) 

h(x) = x* + a u x 7 + a 2 x 6 + a 4 x 5 + a 2 x 4 + a ,3 x 3 + a 5 x 2 + a n x + a 6 

h(x) = X 8 + h 7 X 7 + hfiX 6 + h 5 X S + h4X 4 + h 3 x 3 + h 2 x 2 + hjX + ho 

SmSpufsyZt " Pr0dUCed ^ ***** gCnerat ° r P ° Iyn0mial int ° a ^ mial ^ <* 
This division is accomplished using the circuit shown in Figure 175. 



conttol_7 
mvxl. 




controls 




(9>denotft3 an muftj'pHer that 
mufttpfies Qatoia Raid elements 

Qdenotes an adder that 
add* Gatofs ReJd elements 



(c%.tf«>)d 4 ^ > .d 2> d l .do . 



cont/t*_J — 3\ 
TE_datamdun 

rTTUXS 



rs_datajn(3;0) 




codeword 
symtwta 

nf.data_out(3:0) 



Rguro 175. (15,5) & (15,7) RS Encoder block diagram 

™J^££2Z^ (15,5) or (15>7) raode - 71,6 se,ection 45 «•* b * * e 

ah^s°Kro tin8 ^ (15,5> m0de C< "" TO/ - 7 is always zero ^ when opening in (15,7) mode controlJS is 
Firstly consider (1 5,5) mode i.e. TE_dataredun is set to zero. 
For each new set of 5 input symbols, processing is as follows: 

The 4-bits of the first symbol d 0 are fed to the input port rs_data_inQ:0) and control 5 is set to 0 mux2 is 
set so as to use the output as feedback. control_5 is zero so mux4 selects the input (r7 data in) as the out- 
pu («_rfa M _o«r) Once the data has settled (« 1 cycle), the shift registers are clocked Th"e next symbol 
d, is then apphed to the .nput, and agam after the data has settled the shift registers are clocked again This 
.s repeated for the next 3 symbols d 2 , d } and d 4 . As a result, the first 5 outputs are the same as fce inputs 
After 5 cycles the shift registers now contain the next 1 0 required outputs, control 5 is set to 1 for the next 
10 cycles so that zeros are fed back by mux2 and the shift register values are fed" to the ou*ut by^LS 
and mux4 by simply clocking the registers. 
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A timing diagram is shown below. 

! I I 



eft 

re„dataJn{3:0J 
rs_data_out(3:0] 

rencounter 

TE_damredur> 

Control_5 

contro!_7 




Figure 176. (15,5) RS Encoder timing diagram 

Secondly consider (1 5,7) mode i.e. TEJiataredun is set to one. 

In tlus case processing is similar to above except that control J stays low while 7 symbols (d* d, dA 
are fed in. As well as being fed back into the circuit, these symbols are fed to the Output. After these 7 
cycles, controU is set to l and the contents of the shift registers are fed to the output. 
A timing diagram is shown below. 



Ctif 

rs-datajr£3:0j 
rs_data_out(3:0l 
rencounter 
TE_dataredun 




oorrtrol_5 
oontroi_7 



IT 



i i 



-4- 



Figure 177. {1 5.7) RS Encoder timing diagram 

The enable signal can be used to start/reset the counter and the shift registers. 

The RS «>codcrs can be designed so that encoding starts on a rising enable edge. After 15 symbols have 
been output the encoder stops until a rising enable edge is detected. As a result there willbe a delay 
between each codeword. 7 

toln^r^ °T. th f enable « oes the shift re **ters are reset and encoding will proceed until it is 
told to stop. rs_datajn must be supplied at the correct time. Using this method, data can be continuously 
output at a rate of 1 symbol per cycle, even over a few codewords y 

Alternatively, the RS encoder can request data as it requires. 

The performance criterion that must be met is that the following must be carried out within 63 cycles 

• load one tag's raw data into TEjtagdata 

• encode the raw tag data 

• store the encoded tag data in the Encoded Tag Data Interface 

In the case of the raw fixed teg data at the start of a page, there is no definite performance criterion except 
that it should be encoded and stored as fast as possible. Wpt 
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26.7.10 Galois Field elements and their representation 

A Galois Field is a set of elements in which we can do addition, subtraction, multiplication and division 
without leaving the set 

The TE uses RS encoding over the Galois Field GF(2 4 ). There are 2 4 elements in GF(2 4 ) and they are gen- 
erated using the primitive polynomial p(x) = x 4 + x + l . 

The 16 elements of GF(2 4 ) can be represented in a number of different ways. Table shows three possible 
representations - the power, polynomial and 4-tuple representation. 

Table 129. GF(2 4 ) representations 



tan 
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(00 0 0) 
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(1 00 0) 
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(0 10 0) 


0? 


X 2 


(00 1 0) 


a 3 


X 3 


(0 0 01) | 


a 4 


1 +x 


(110 0) | 


a s 


x+x 2 


(0 1 1 0) 


a 8 


x 2 +x 3 


(001 1) 


a 7 


1+X +x 3 


(1 10 1) 


o« 


1 + X 2 


(1010) 


o» 


X + X 3 


(0 10 1) 


a 10 


1 + X + X 2 


(1110) 


a" 


x+x 2 +x 3 


(0 111) 


a 12 


1+X + X 2 + X 3 


(1111) 


a 13 


1 + x 2 +x 3 


(10 11) ~j 


a" 


1 ,x 3 


(10 01) 



26.7.1 1 Multiplication of GF(2 4 ) elements 

The multiplication of two field elements cc* and ct b is defined as 
a c = a a a b _ a (a+b)modulo 15 

Thus 

a ! .ct 2 = a 3 
a*a 12 = a 3 

So if we have the elements in exponential form, multiplication is simply a matter of modulo 1 5 addition. 
If the elements are in polynomial/tuple form, the polynomials must be multiplied and reduced mod x 4 + x 

Suppose we wish to multiply the two field elements in GF(2 4 ): 
cc a - a 3 x 3 + a 2 x 2 + ajx 1 + Sq 
a b = b 3 x 3 + b 2 x 2 + b I x l +b 0 
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where aj, are in the field (0,1) (i.e. modulo 2 arithmetic) 
Multiplying these out and using x 4 + x + l=0we get: 

a** b = [(aob 3 + + a 2 b, + a 3 b 0 ) + a 3 b 3 ]x 3 

+ [(aob 2 + ajb, + a 2 b 0 ) + a 3 b 3 + (a^ + a 2 b 3 )]x 2 

+ [(aob, + a,b 0 ) + (a 3 b 2 + a 2 b 3 ) + (a,^ + a2b 2 + a 3 b,)]x 

+ [(aob 0 + a,b5 + a 2 b 2 + a 3 b,)] 
a a+b = [aob 3 + ajb 2 + a 2 b, + a 3 (b 0 + b 3 )]x 3 

+ [aob 2 + ajbj + a 2 (b 0 + b 3 ) + a 3 (b 2 + b 3 ) ]x 2 

+ [aob! + a,(b 0 + b 3 ) + a 2 (b 2 + b 3 ) + a 3 (b, + bj) ]x 

+ [aobo + ajb 3 + a 2 b 2 + a 3 bi] 

If we wish to multiply an arbitrary field element by a fixed field element we get a more simple form. Sup- 
pose we wish to multiply cc b by a 3 . 

In this case a 3 = x 3 so (a0 al a2 a3) = (0 0 0 1). Substituting this into the above equation gives 

a c - (b 0 + b 3 )x 3 + (b 2 + b 3 )x 2 + (b, + b^x + b, 
This can be implemented using simple XOR gates as shown in Figure 178 

bz b, bo =a b 









1 


y f 




; 

f 




; 



C3 cj Ci Co -a b ** 

0 exclusive OR gatfl 

Figure 178. Circuit for multiplying by a 3 

26.7.12 Addition off GF{2 4 ) elements 

If the elements are in their polynomial/tuple form, polynomials are simply added. 
Suppose we wish to add the two field elements in GF(2 4 ): 

0^ = a 3 x 3 + a 2 x 2 + & { x + aQ 

a b = b 3 x 3 + b 2 x 2 -f-b,x + b 0 
where a^ bj are in the field (0,1) (i.e. modulo 2 arithmetic) 

a c = a a + a b = (a 3 + b3)x 3 + (a 2 + b 2 )x 2 + (a, + b 2 )x + + b 0 ) 
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Again this can be implemented using simple XOR gates as shown in Figure 179 

°s *2 *>i a, bo ao 



^ ^ y LjJ 



Co -a b *a« 



0 exclusJvB OR gale 



Figure 179. Adding two field elements 



26.7.13 Reed Solomon Implementation 

The designer can decide to create the relevant addition and multiplication circuits and instantiate them 
where necessary. Alternatively the feedback multiplications can be combined as follows. 
Consider the multiplication 

a a .ct b = ct c 
or in terms of polynomials 

(a 3 x 3 + a 2 x 2 + a,x + ao).(b 3 x 3 + b 2 x 2 + b jX + b 0 ) = (c 3 x 3 + c 2 x 2 + c,x + cq) 

Sts^sno^ fiCld e,CmentS m f ° r * *** CXprcSS ttC in tCrmS 0f ab ' we »* *» table of 

Table 130. a c multiplied by air field elements, expressed in terms of cc b 
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• ( bo+bi), (b 0 +b2), (b 0 +b 3 ), (bi+bz), (b,+b 3 ), (bj+bj), 

• (b 0 +bi+b 2 ), (bo+b!+b3), (b 0 +b 2 +b 3 ) t (b^+ty. 

• {b 0 +b,+b2+b 3 ) 

The implementation of the circuit can be seen in Figure . The main components are XOR gates 4-bit shift 
registers and multiplexers. 

The RS encoder has 4 input lines labelled 0,1,2 & 3 and 4 output lines labelled 0,1,2 & 3. This labelling 
corresponds to the subscripts of the polynomiaV4-tuple representation. The mapping of 4-bit symbols 
from the TE_tagdata register into the RS is as follows: 

- the LSB in the TE_tagdata is fed into lineO 

- the next most significant LSB is fed into linel 

- the next most significant LSB is fed into line2 

- the MSB is fed into line3 

The RS output mapping to the Encoded tag data interface is similiar. Two encoded symbols are stored in 
an 8-bit address. Within these 8 bits: 

- lineO is fed into the LSB (bit 0/4) 

- linel is fed into the next most significant LSB (bit 1/5) 

- Iine2 is fed into the next most significant LSB (bit 2/6) 

- Iine3 is fed into the MSB (bit 3/7) 
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. * - - . • * 
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Figure 180. RS Encoder Implementation 
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26.7.14 2D Decoder 



The 2D decoder is selected when TE_decode2den = 1. It operates on variable tag data only, its function is 
to convert 2-bits into 4-bits according to Table 131. 



Table 131. Operation of 2D decoder 
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00 1 0 


1 0 


0 1 00 
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1 000 



26.7.15 Encoded tag data interface 



The encoded tag data interface contains an encoded fixed tag data store interface and an encoded variable 
tag data store interface, as shown in Figure 1 8 1 . 
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Figure 181. encoded tag data Interface 
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The two reord units simply reorder the 9 input bits to map low-order codewords into the bit selection com- 
ponent of the address as shown in Table 132. Reordering of write addresses is not necessary since the 
addresses are already in the correct format. 

Table 132. Reord unit 
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The encoded fixed data interface is a single 1 5 x 8-bit RAM with 2 read ports and 1 write port. As it is only 
written to during page setup time (it is fixed for the duration of a page) there is no need for simultaneous 
read/write access. However the fixed data store must be capable of decoding two simultaneous reads in a 
single cycle.Figure 1 82 shows the implementation of the fixed data store. 
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Figure 182. encoded fixed tag data interface 

The encoded variable tag data interface is a double buffered 3 x IS x 8-bit RAM with 2 read ports and 1 
write port. The double buffering allows one tag's data to be read (two reads in a single cycle) while the 
next tag's variable data is being stored. Write addressing is 6 bits: 2 bits of address for selecting I of 3, and 
4 bits of address for selecting 1 of 15. Read addressing is the same with the addition of 3 more address bits 
for selecting I of 8. 

Figure 1 83 shows the implementation of the encoded variable tag data store. Double buffering is imple- 
mented via two sub-buffers. Each time an AdvTag pulse is received, the sense of which sub-buffer is being 
read from or written to changes. This is accomplished by a 1-bit flag called wrsbO. Although the initial 
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r^t^b R^insr 1, u must invert upon receipt ° f AdvTag puise - ^ ° f each «*-«»«««« 



advTag 



rdAdrO • 
rdAdrl - 
wrAdr ■ 
dataln - 

evtdwo- 



wrsbO 
(1 bit) 



,'1 



8 

-7^ 



1 



©needed variabl* tag data Interface 



variable 
tag data 
sub buffer 0 



3 — i r 

► variable 2 

^ tag data ^cJ 

p sub buffer 1 



Figure 183. Encoded variable tag data interface 



-> outO 



outl 



rdAdrO 



rdAdrl 



3fle bits) * nc <x Jod variable tag data sub buffer 




> outl 



Figure 184. Encoded variable tag data sub-buffer 
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26.8 Tag Format Structure (TFS) Interface 

26.8.1 Introduction 

The TFS specifies the contents of every dot position within a tags border i.e.: 

• is the dot part of the background? 

• is the dot part of the data? 

The TFS is broken up into Tag Line Structures (TLS) which specify the contents of every dot position in a 
particular line of a tag. Each TLS consists of three tables - A, B and C (see Figure 1 85). 

For a given line of dots, all the tags on that line correspond to the same tag line structure. Consequently, for 
a given line of output dots, a single tag line structure is required, and not the entire TFS. Double buffering 
allows the next tag line structure to be fetched from the TFS in DRAM while the existing tag line structure 
is used to render the current tag line. 

The TFS interface is responsible for loading the appropriate line of the tag format structure as the tag 
encoder advances through the page. It is also responsible for producing table A and table B outputs for two 
consecutive dot positions in the current tag line. 

o 31 



TE_tfsstartadr 



Tag Format Structure I 
for tag X 



The number of dot tinea 

In a Tag « rv*1 

I.e. TagHeight* rv*l 



T^ttsendadr 



TLSX_0 



TLS X_1 



TLS X 2 



TLSX_n 



TLS X+1 0 



TLS X+1_1 



TLS X-t»1_2 



TLS X+1_n 



Table A 

24 x 32-bits=788-bits 
(384 entries x 2-toits) 



Table B 

9 x 32-blts»288-bfts 
(32 entries * S-hlfail 



23 
24 



32 



^ I 4 I** 

f 0 9 10- T- - - - -31 



Table C 
10-bits 

(2 entries x 5-blts) 



22 -bits reserved and unused 



Figure 185. Breakdown of the Tag Format Structure 

There is a TLS for every dot line of a tag. 

All tags that are on the same line have the exact same TLS. 

A tag can be up to 384 dots wide, so each of these 384 dots must be specified in the TLS. 

The TLS information is stored in DRAM and one TLS must be read in to the TFS Interface for each 

line of dots that are outputted to the Tag Plane Line Buffers. 

Each TLS consists of 17 64-bits words. This is read from DRAM as 5 times 256-bit words with 192 
padded bits in the last 256-bit DRAM read. 



26.8.2 I/O Specification 

Table 133. Tag Format Structure Interface Port List 





Slf 




DCIK 


In 


SoPEC system dock | 


prst_n 


In 


Active-low. synchronous reset in pclk domain j 
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Table 133. Tag Format Structure Interface Port List 



ISMS! 






DRAM 


f 


| oo signal from TE top level - 


diu_data[63:0j 
diu_tfs_rack 
diu__tfs_rvaiid 
tfs_diu_rreq 


in 
In 
In 
Out 


Data from DRAM 
Data acknowledge from DRAM 
Data valid from DRAM 
Read request to DRAM 


tfs_diu_radr[21:5I 
tag encoder top level 
top_advtagline — - 


Out 
tn 


Read address to DRAM 

Pulsed after the last line of a row of tags | 


top_tagaltsense 
topjastdotlntag 


In 

In 


For even tag rows = 0 I.e. 0,2,4.. 
For odd tag rows « 1 i.e. 1.3,5... 


top_dotposvaJid ™ 

top_tagdotn um[7 :0] 
tfsLvaJid 

tfsl_ta_dotO[1 :0] ~ 


In 
In 

Out 
Out 


Last dot in tag Is currently being processed 

Current dot position is a tag dot and its structure data and tag data is 
available w 

Counts from zero up to TEJagmaxdotpafrs <min. oi, max « 192) 
TLS tables A, B and C, ready tor use 


tfsLta__dot1[1:0] 

tag encoder top level (PCU read 

tfs_te_tfsstartad r[23 :0) 
•fe_te_tfsendadr[23:0] 


Out 
decoder) 

Out 
Out 


Even entry from Table A corresponding to top tagdotnum 
Odd entry from Table A corresponding to top tagdotnum 

* rS tfsstartadr register 


tfs_te_tfsfirstlineadr(23:0] 

tfsJe_currtfsadrJ23:0] 

TDI 

tfsi_tdLadfO(8:0] 
tfsLtdLadr1[8:0] 


Out 
Out 

Out [ 

Out 


TFS tfsfirstiineadr register 
TFS currtfsadr register 

Read address for ddtO (even dot) 
Read address for dot1 (odd dot) 
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26.8.2.1 State machine 

The state machine is responsible for generating control signals for the various TFS table units, and to load 
the appropriate line from the TFS. The states are explained below. 

idle> Wait for top_go to become active. Pulse advjfsjine for 1 cycle to reset tawradr and tbwradr regis- 
ters. Pulsing advjfsjine will switch the read/write sense of Table B so switching Table A here as well to 
keep things the same i.e. wrtaO = NOT(wrr<20). 

diu_access> In the diu_access state a request is sent to the DIU. Once an ack signal is received Table A 
write enable is asserted and the FSM moves to the tls Joad state. 

tlsjoad.- The DRAM access is a burst of 5 256-bit accesses, ultimately returned by the DIU as 
| 5*(4*64bit) words. There will be 192 padded bits in the last 256-bit DRAM word The first 12 64-bit 

words reads are for Table A, words 12 to 15 and some of 16 are for Table B while part of read 16 data is for 
Table C The counter read_num is used to identify which data goes to which table. The table B data is 
stored temporarily in a 288-bit register until the tls_update state hence tbwe does not become active until 
read_num = 16). 

• The DIU data goes directly into Table A (12 * 64). 

• The DIU data for Table Bis loaded into a 288-bit register. 

• The DIU data goes directly into Table C. 

tb_update> The 288-bits in Table B need to written to a 32*9 butler. The tls_update state takes care of this 
using the readjnum counter. 

tbjiexr.- This state checks the logic level of tfsvalid and switches the read/write senses of Table A (wrtaO) 
and Table B a cycle later (using the advjfsjine pulse). The reason for switching Table A a cycle early is 
to make sure the topjevel address via tagdotnum is pointing to the correct buffer. Keep in mind the 
top Jevel is working a cycle ahead of Table A and 2 cycles ahead of Table B. 

If tfsValid is l t the state machine waits until the advTagLine signal is received When it is received, the 
state machine pulses advTFSLine (to switch read/write sense in tables A, B, C), and starts reading the next 
line of the TFS from currTFSAdr. 

If tfsValid is 0, the state machine pulses advTFSLine (to switch read/write sense in tables A, B, C) and then 
jumps to the tls_tfsvalid_set state where the signal tfsValid is set to I (allowing the tag encoder to start, or 
to continue if it had been stalled). The state machine can then start reading the next line of the TFS from 
currTFSAdr. 

tls_tfsvalid_next:- Simply sets the tfsvalid signal and returns the FSM to the diu_access state. 



If an advTagLine signal is received before the next line of the TFS has been read in, tfsValid is cleared to 0 
and processing continues as outlined above. 
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The TFS state flow diagram is shown in below.. 

tODOO ss 0 



tOD go 

Q idle ^ 



tfsvaJld s 1 ANP 

top advtagHnft 1 



diu^access ^ 



dlu tfe rarK ^ t 



^ tfsjoad ^ 



read num = ffi 



^ tls,update ^ 



read num = 31 



^ tfs_next ^ 





tfa valid = 0 


1 


r 



-^ Jls_tfsvalid_set^ 



26.8.3 



Figure 186. TFSI FSM State Flow Diagram 
Generating a tag from Tables A, B and C 
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Each output dot value is generated as follows: Each entry in Table A consists of 2-bits - bitO and bitl 
These 2-bits are interpreted according to Table . Table and Table . 



Table 134. Interpretation of bltO from entry In Table A 



ES 


mmmwmmmmmmimimmm 




me ouipui on comes directly from bin (see Table ). 


1 


the output bit comes from a data bit. Bill is used in conjunction with Tag Une 
Structure Table B to determine which data bit will be output 



Table 135. Interpretation of blt1 from entry In table A when bltO =: 0 




J**!* 1 ** ' >nter P retatlori of Pitl from entry In tabfe A when bfto = 1 



output data bit pointed to by current index in to Table B 
output data bit pointed to by current index into Table B t and advance index by 1 . 



Hzd , 

If b,tO -0 then the output dot for this entry is part of the constant background pattern The dot value itself 
comes from bitl ,.e. if bitl = 0 then the output is 0 and if bitl = 1 then die output isT 
If bitO - 1 then the output dot for this entry comes from the variable or fixed tae date Bitl is used in 
junction with Tables B and C to determine data bits to use. Mn ~ 

To understand the interpretation of bitl when bitO - 1 we need to know what is stored in Table B Table B 
contams the addresses of all the data bits that are used in the particular line of a tag n orferof ap^nce 

a g £ y ^t 8 ^ 8 stored m entr V 0 <>f Table B. As we advance along the various data dots we 
will advance through the various Table B entries. K we 

Each Table B entry is 9-bits long and each points to a specific variable or fixed data bit for the tan Each 

° f 120 ^ "* 360 Var,ab ' e daUl bite ' for a totaJ «* ™ Tto To^S 
! * &C ^ ™ ^ 0D * e M CnC ° ded tag ^ Tab,e lis * the interpretation^ the 



Table 137. Interpretation of 9-blt tag data address In Table B 
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Table 137. Interpretation of 9-blt tag data address In Table B 




BitSelect 



Select 1 of 15 symbols (1111 Invalid) 



Select 1 of 4 bits from the selected symbols 



If the fixed data is supplied to the TE in an unencoded form, the symbols derived from codeword 0 of fixed 
data are written to codeword 6 and the symbols derived from fixed data codeword 1 are written to code- 
word 7. The data symbols are stored first and then the remaining redundancy symbols are stored after- 
wards, for a total of 1 5 symbols. Thus, when 5 data symbols are used, the 5 symbols derived from bits 0- 1 9 
are written to symbols 0-4, and the redundancy symbols are written to symbols 5-14. When 7 data symbols 
are used, the 7 symbols derived from bits 0-27 are written to symbols 0-6, and the redundancy symbols are 
written to symbols 7-14 

However, if the fixed data is supplied to the TE in a pre-encoded form, the encoding could theoretically be 
anything. Consequently the 120 bits of fixed data is copied to codewords 6 and 7 as shown in Table 138. 



T * — l 3 ^ ^f 1 "^ ? f f (Xed da!a f ° ^^^syMbo's wten no redundancy encoding 





lilliS 


mil 


0-19 


0-4 




20-39 


0-4 


7 


40-59 


5-9 


6 


60-79 


5-9 


7 


80-99 


10-14 


6 


100-119 


10-14 


7 



It is important to note that the interpretation of bitl from Table A (when bitO - i) is relative A 5-bit index 
is used to cycle through the data address in Table B. Since the first tag on a particular line may or may not 
start at the first dot in the tag, an initial value for the index into Table B is needed. Subsequent tags on the 
same line will always start with an index of 0, and any partial tag at the end of a line will simply finish 
before the entire tag has been rendered The initial index required due to the rendering of a partial tag at 
the start of a line is supplied by Table C. The initial index will be different for each TLS and there are two 
possible initial indexes since there are effectively two types of rows of tags in terms of initial offsets. 
Table C provides the appropriate start index into Table B (2 5-bit indices). When rendering even rows of 
tags entry 0 is used as the initial index into Table B, and when rendering odd rows of tags, entry 1 is used 
as the initial index into Table B. The second and subsequent tags start at the left most dots position within 
the tag, so can use an initial index of 0. 
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26.8.4 Architecture 

A block diagram of the Tag 

tegOotNum 



dataln 



, readAdr 



control 



tfsValld 



tagAttSense 



ia stDotlnTafl 



advTagUoe 



Format Structure Interface can be seen in Figure 187. 

TFS Interface 



6 

64 



17 



state 
machine 



taRdAdr 



i A 
interface 



■ tawe 



/'2taEven , '2taOdd 



table C 
Interlace 



ill 
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Interface 



Figure 187. TFS Block Diagram 
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26.8.4.1 Table A Interface 



The implementation of table A is two 16 x 64-bit RAMs with a small amount of control logic, as shown in 
Figure 188. While one RAM is read from for the current line's table A data (4 bits representing 2 contigu- 
ous table A entries), the other RAM is being written to with the next line's table A data (64-bits at a time) 



8dvTFSLIne_ 
tawg_ 



taRdAdr 



4- 



AdrGen 



datain 



64 



Tabto A 
Interface 



*o| 4 



fldr 



94 



so 



16 x 64-ttts 
3A{0) 



atir 



gatajn 



MS » 



16x64-btts 
table A (1) 



U_docO_l cycle later 
ca^dotl.lcydebtcr 

7^ ► 



2 jolts 1&Q) taEv en 



2 jbte 3&2) taO dd 



Figure 188. Table A interface block diagram 

Note:- The Table A data to be printed (if each LSB - 0) must be passed to the topjevel 2 cycles after the 
read of Table A due to the 2-stage pipelining in the TFS from registering Table A and Table B outputs 
hence this extra registering stage for the generation of ta_dotO_lcyclelater and ta_dotl_lcyclelater. 
Each time an AdvTFSLine pulse is received, the sense of which RAM is being read from or written to 
changes. This is accomplished by a 1-bit flag called wrtaO. Although the initial state of wrtaO is irrelevant 
it must invert upon receipt of an AdvTFSLine pulse. A 4-bit counter called taWrAdr keeps the write 
address for the 12 writes that occur after the start of each line (specified by the AdvTFSLine control input) 
The tawe (table A write enable) input is set whenever the data in is to be written to table A. The taWrAdr 
address counter automatically increments with each write to table A. Address generation for tawe and 
taWrAdr is shown in Table 1 89. 



advTFSLino « 



wrtaO 
(1 bit) 



tabto A 
address gen 





taWrAdr 




(4 bits) 



-► wrtaO 



-> taWrAdr 



Figure 189. Table A address generator 
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26.8.4.2 Table C interface 

A block diagram of the table C interface is shown below in Figure 190. 



tcwe 



tagAttSense 



advTFSLIn© 



drtPosVaUd 



datarn 



tesiOotlnTag 



,'10 



tabte C 
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AdrGen 
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tsbltC 
Interface 



irr 





toRdAdrt 
► 



toRdAd/O 
► 



Figure 190. Table C interface block diagram 

The address generator for table C contains a 5 bit address register adr that is set to a new address at the 
start of processing the tag (either of the two table C initial values based on tagAUSense at the start of the 
line, and 0 for subsequent tags on the same line). Each cycle two addresses into table B are generated 
based on the two 2-bit inputs (inO and inl). As shown iriSection 139, the output address tbRdAdrO is 
always adr and tbRdAdrl is one of adr and adr+I, and at the end of the cycle adr takes on one of adr 
adr+] t and adr+2. 

Table 139. AdrGen lookup table 
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iX^dontcare state. 

26.8.4.3 Table B interface 

The table B interface implementation generates two encoded tag data addresses {tfsi_odrO t tfsi adrl) 
based on two table B input addresses (tbRdAdrO, (bRdAdrl). A block diagram of table B can be seen in 
Figure 191. 



tbR dAdfQ i 



tbRdAdrli 



tbwe 



advTF SLjnei 
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.> add , 



> dataln . 



32x9^its 
taUe subB (1) 



i_adrO 1 



3w 



tabteB 
Interface 



Figure 191. Table B interface block diagram 

Table B data is initially loaded into the 288-bit table B temporary register via the TFS FSM. Once all 288- 
bit entries have been loaded from DRAM, the data is written in 9-bit chunks to the 32*9 register arrays 
based on tbwradr. 

Each time an AdvTFSLine pulse is received, the sense of which sub buffer is being read from or written to 
changes. This is accomplished by a 1-bit flag called wrtbOl Although the initial state of wrtbO is irrelevant, 
it must invert upon receipt of an AdvTFSLine pulse. 

' Note:- The output addresses from Table B are registered. 
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27 Tag FIFO Unit (TFU) 



27.1 Overview 

The Tag FIFO Unit (TFU) provides the means by which data is transferred between the Tag Encoder (TE) 
and the HCU. By abstracting the buffering mechanism and controls from both units, the interface is clean 
between the data user and the data generator. 

The TFU is a simple FIFO interface to the HCU. The Tag Encoder will provide support for arbitrary Y 
integer scaling up to 1 600 dpi. X integer scaling of the tag dot data is performed at the output of the FIFO 
in the TFU. There is feedback to the TE from the TFU to allow stalling of the TE during a line. The TE 
interfaces to the TFU with a data width of 8 bits. The TFU interfaces to the HCU with a data width of 1 bit. 
The depth of the TFU FIFO is chosen as 16 bytes so that the FIFO can store a single 1 26 dot tag. 

27.1 .1 Interfaces between TE, TFU and HCU 



TE 



to_tfu_wdata 
te_tfu_wdata 'alfd 



tfu_je_oktow 
4 



te_tfu_wradv In© 



TFU 



ite 



FIFO 



hcu_tfi 



.advdot 





_tdata 


' tfujict 


.avail 



HCU 



Figure 192. Interfaces between TE, TFU and HCU 

27. f. 1.1 TE-TFU interface 

The interface from the TE to the TFU comprises the following signals: 

• te_tfu_wdata, 8-bit write data. 

• tejtfiijwdatavalid, write data valid. 

• te_tju_wradvline f accompanies the last valid 8-bit write data in a line. 
The interface from the TFU to TE comprises the following signal: 

• tfu_te_oktowrite t indicating to the TE that there is space available in the TFU FIFO. 

The TE writes data to the TFU FIFO as long as the TFU's tfu„te_oktowrite output bit is set. The TE write 
will not occur unless data is accompanied by a data valid signal. 

27.1.1.2 TFU-HCU interface 

The interface from the TFU to the HCU comprises the following signals: 

• tfujkcu_tdata, 1 -bit data. 

• tfujicu^avail, data valid signal indicating that there is data available in the TFU FIFO. 
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The interface from HCU to TFU comprises the following signal: 
• hcu_tju_ready y indicating to the TFU to supply the next dot. 



27.1.1.2.1 X scaling 

Tag data is replicated a scale factor (SF) number of times in the X direction to convert the final output to 
1600 dpi. Unlike both the CFU and SFU, which support non-integer scaling, the scaling is integer only. 
Replication in the X direction is performed at the output of the TFU FIFO on a dot-by-dot basis. 
To account for the case where there may be two SoPEC devices, each generating its own portion of a dot- 
line, the first dot in a line may not be replicated the total scale-factor number of times by an individual 
TFU. The dot will ultimately be scaled-up correctly with both devices doing part of the scaling, one on its 
lead-out and the other on its lead in. 

Note two SoPEC TEs may be involved in producing the same byte of output tag data straddling the print- 
head boundary. The HCU of the left SoPEC will accept from its TE the correct amount of dots, ignoring 
any dots in the last byte that do not apply to its printhead. The TE of the right SoPEC will be programmed 
the correct number of dots into the tag and its output will be byte aligned with the left edge of the nrint- 
head. v 
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27.2 Definitions of I/O 

Table 140. TFU Port List 



Clocks and Resets 


pdk 


1 


in 


SoPEC Functional clock. 


prst_n 


1 


In 


Global reset signal. 


PCU Interface data and control signals 


pcu_addr(3:2] 


2 


In 


PCU address bus. Only 2 bits are required to decode the 
address space for this block. 


pcu_dataout(31:0] 


32 


In 


Shared write data bus from the PCU. 


tfu_pcu_datain[31 :0J 


32 


Out 


Read data bus from the TFU to the PCU. 


pcu_rwn 


1 


In 


Common re ad/not -write signal from the PCU. 


pcu_tfu_sel 


1 


In 


Block select from the PCU. When pcu_tfu_sal is high both 
pcu_addr and pcu_dataout are valid. 


tfu_ - pcu_rdy 


1 


Out 


Ready signaJ to the PCU. When tfu_pcu_rdy is high it Indi- 
cates the last cycle of the access. For a write cycle this 
means pcu^dataout has been registered by the block and 
for a read cycle this means the data on tfu _pcu datain is 
valid. 


TE Interface data and control signals 


te_tfu_wdataJ7:0] j 


8 


In 


Write data for TFU FIFO. 


te_tfu_wdatavaDd 


1 


In 


Write data valid signal. 


te_tfu_wradvtine 


1 


In 


Advance tine signal strobed when the last byte In a line Is 
. placed on te_tfu_wdata 


tfu_te_oktowrite 


1 


Out 


Ready signal indicating TFU has space available In Ifs FIFO 
and is ready to be written to. 


HCU Interface data and control signals 


hcu_tfu_advdot 


1 


In 


Signal Indicating to the TFU that the HCU Is ready to accept 
the next dot of data from TFU. 


tfu_hcu_tdata 


1 


Out 


Data from the TFU FIFO. 


tfu_hcu_avail 


1 


Out 


Signal Indicating valid data available from TFU FIFO. 



27.3 



Configuration Registers 

Table 141. TFU Configuration Registers 













Control registers 


0x00 


Reset 


1 


1 


A write to this register causes a reset of 
theSFU. 

This register can be read to indicate the 
reset state: 

0 - reset in progress 

1 ■ reset not in progress. 
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Table 141. TFU Configuration Registers 







mm 




0x04 


Go 


1 


see 
text 


Writino 1 to this register starts the TFU. 
Writing 0 to this register halts the TFU. 
When Go is deasserted the state- 
machines go to thefr idle states but all 
counters and configuration registers keep 
their values. 

When Go is asserted all counters are 
reset, but configuration registers keep 
their values (i.e. they don't get reset). 
The TFU must be started before the TE is 
started. 

This register can be read to determine if 

the TFU is running 

(1 = running, 0 = stopped). 


Setup register 


-s (constant during processing of page) 


0x08 


X Scale 


8 


1 


Tag scale factor in X direction. 


OxOC 


XFracScale 


8 


1 


Tag scale factor in X direction for the first 
dot in a line 


0x10 


TEByteCount 


12 


0 


The number of bytes to be accepted from 
the TE per line. Once this number of bytes 
have been received subsequent bytes are 
ignored until there is a strobe on the 
ta_tfu_wra dviine 


0x14 


HCUDotCount 


15 


0 


The number of (optionally) x -scaled dots 
per line to be supplied to the HCU. Once 
this number has been reached the remain- 
der of the current FIFO byte Is ignored. 



27.4 Detailed description 

The FIFO is a simple 1 6-byte store with read and write pointers, and a contents store, Figure 193. 16 bytes 
is sufficient to store a single 1 26 dot tag. 

Each line a total of TEByteCount bytes is read into the FIFO. All subsequent bytes are ignored until there 
is a strobe on the tejfitjwradvline signal, whereupon bytes for the next line are stored. 

On the HCU side, a total of HCUDotCount dots are produced at the output. Once this count is reached any 
more dots in the FIFO byte currently being processed are ignored. For the first dot in the next line the start 
of line scale factor, XFracScale, is used. 
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The behaviour of these signals and the control signals between the TFU and the TE and HCU is detailed 
below. 



FlfoWrPtf 



te_tfu_data 



Frto 



1 RdBit 

I PifhRriPtr 



tfu_heu_tdata 



- FJfbRdPtr 

Figure 193. 16-byte FIFO in TFU 

// Concurrently Executed Code: 

// TE always allowed to write when there's either (a) room or (b) no room and all 
// bytes for that line have been received. 

if ((FifoCntnts 1» FifoMax) OR (FifoCntnts FifoMax and ByteToRx »= 0> ) then 

tfu_te_oJttowrite « 1 
else 

tfu_te_oktowrite = 0 



// Data presented to HCU when there is (a) data in FIFO and (b) the HCU has not 

// received all dots for a line 

if (FifoCntnts I« 0) AND (BitToTx 1= 0)then 

tfu_hcu_avail a. 1 
else 

tfu_hcu_avail o o 

// Outpuc mux of FIFO data 
tfu_hcu_tdata » Fifo [FifoRdPnt] (RdBit] 

// Sequentially Executed Code: 

if <te_tfu_wdatavalid == 1) AND (FifoCntnts != FifoMax) AND (ByteToRx t» 0) then 
Fifo(FifoWrPnt] » te_tfu_wdata 
FifoWrPnt +♦ 
Fif eContents ♦+ 
ByteToRx — 



if (te__tfu_wradvline 1) then 
ByteToRx = TEByteCount 

if <hcu_tfu_advdot =* 1 and FifoCntnts != 0) then ( 
BitToTx ♦+ 

if (RepFrac =- 1) then 
RepFrac =» Xscale 
if (RdBit = 7) then 

RdBit ■ 0 

FifoRdPnt 

FifoContents 
else 

RdBit** 

else 

RepFrac 
if(BitToTx 1) then ( 

RepFrac = XFracScale 

RdBit = 0 

FifoRdPnt 

Fif eContents- - 

BitToTx = HCUDotCount 

) 
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J3 



) 



What is not detailed above is the fact that, since this is a circular buffer, both the fifo read and write-point- 
ers wrap-around to zero after they reach two. Also not detailed is the fact that if there is a chance of both 
the read and wnte-pomter in the same cycle, the rlfo contents counter remains unchanged 
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28 Halftoner Compositor Unit (HCU) 

28.1 Overview 

The Halftoner Compositor Unit (HCU) produces dots for each nozzle in the destination printhead taking 
account of the page dimensions (including margins). The spot data and tag data are received in bi-level 
form while the pixel contone data received from the CFU must be dithered to a bi-level representation. The 
resultant 6 bi-level planes for each dot position on the page are then remapped to 6 output planes and out- 
put dot at a time (6 bits) to the next stage in the printing pipeline, namely the dead nozzle compensator 



28.2 Data flow 

I Figure ^ 4 shows a simple dot data flow high level block diagram of the HCU. The HCU reads contone 

data from the CFU, bi-level spot data from the SFU, and bi-level tag data from the TFU. Dither matrices 
are read from the DRAM via the DIU. The calculated output dot (6 bits) is read by the DNC 



contone FIFO 
unit Interface 



ORAM 
Interface unit 



4- 




control 




4- 


2- 


— cadi. 


-> 




2- 


data 


-> 



/"6 y'8 / 



s s 

to 

Y 



'6 



a 





spot 




tag 




FIFO unit 




FIFO unit 




Interface 




interface 







Halftoner / Compositor Unit 
3T 



dead 
nozzle 
compensator 



Figure 194. High level block diagram showing the HCU and its external interfaces 

The HCU is given the page dimensions (including margins), and is only started once for the page. It does 
not need to be programmed in between bands or restarted for each band. The HCU will stall appropriately 
if its input buffers are starved. At the end of the page the HCU will continue to produce 0 for all dots as 
long as data is requested by the units further down the pipeline (this allows later units to conveniently flush 
pipelined data). 



The HCU performs a linear processing of dots calculating the 6-bit output of a dot in each cycle. The map- 
ping of 6 calculated bits to 6 output bits for each dot allows for such example mappings as compositing of 
the spotO layer over the appropriate contone layer (typically black), the merging of CMY into K (if K is 
present in the printhead), the splitting of K into CMY dots if there is no K in the printhead, and the gener- 
ation of a fixative output bitstream. ^ 
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28.3 



DRAM STORAGE REQUIREMENTS 



SoPEC allows for a number of different dither matrix configurations up to 256 bytes wide. The dither 
matrix is stored in DRAM. Using either a single or double-buffer scheme a line of the dither matrix must 
be read in by the HCU over a SoPEC line time. SoPEC must produce 13824 dots per line for A4/Letter 
printing which takes 13824 cycles. 

The following give the storage and bandwidths requirements/or some of the possible configurations of the 
dither matrix. 

• 4 Kbyte DRAM storage required for one 64x64 (preferred) byte dither matrix 

• 6*25 Kbyte DRAM storage required for one 80x80 byte dither matrix 

• 16 Kbyte DRAM storage required for four 64x64 byte dither matrices 

• 64 Kbyte DRAM storage required for one 256x256 byte dither matrix 

Note that regardless of the width of the dither matrix, 256 bytes are always read from DRAM for each line. 
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28.4 Implementation 

A block diagram of the HCU is given in Figure 195. 



Tag 
FIFO Unit 





i 






1 

cs 




B 

CO 




i 


\ 


I 








i 




r- < 






r . 




Figure 195. Block diagram of the HCU 
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28.4.1 Definition of I/O 



Table 142. HCU port list and description 









Clocks and reset 


pclk 


1 


In 


System dock. 


prst_n 


1 


In 


System reset, synchronous active low. 


PCU Interface 


pcu_hcu_sel 


1 


In 


Block select from the PCU. When pcv_hcu_sel is high both 
pcu_adr and pcu^dataout are valid. 


pcu_rwn 


1 


In 


Common read/not- write signal from the PCU. 


pcu_adrT7:2J 


6 


In 


PCU address bus. Only 6 bits are required to decode the 
address space for this block. 


pcu_dataout(31:0] 


32 


In 


Shared write data bus from the PCU. 


hcu_pcu_rdy 


1 


Out 


Ready signal to the PCU. When hcu _pcu_rdy\B high It Indicates 
the last cyde of the access. For a write cyde this means 
pcu_dataout has been registered by the block and for a read 
cyde this means the data on hcu_j>cu_data is vaJid. 


hcu_pcu_data{3l :0) 


32 


Out 


Read data bus to the PCU. 


DIU Interface 


hcu_dlu_rreq 


1 


Out 


HCU read request, active high. A read request must be accom- 
panied by a valid read address. 


diu_hcu_rack 


1 


In 


Acknowledge from DIU, active high. Indicates that a read 
request has been accepted and the new read address can be 
placed on the address bus. hcujdsujradr. 


hcu_diu_radr{21 ;5J 


17 


Out 


HCU read address. 17 bits wide (256-bit aligned word). 


diu_hcu_rvalid 


1 


In 


Read data valid, active high. Indicates that valid read data Is 
now on the read data bus, diu_data. 


diu_data{63:0] 


64 


In 


Read data from DJU. 


CFU Interface 


cfu_hcu_avali 


1 j 


In 


Indicates valid data present on cfu_hcu_c[3-0]data lines. 


cfu_hcu_c0data[7:0] 


8 


In 


Pixel of data in contone plane 0. 


cfu_hcu_d data[7 :0 J 


8 


In 


Pixel of data in contone plane 1. 


cfu_hcu_c2data[7:0] 


8 


In 


Pixel of data in contone plane 2. 


cfu_hcu_c3data(7:0] 


8 


In 


Pixel of data in contone plane 3. 


hcu_cfu_advdot 


1 


Out 


Informs the CFU that the HCU has captured the pixel data on 
cfu_hcu_c(3-0]data lines and the CFU can now place the next 
pixel on the data lines. 


SFU Interface 


sfu_hcu_avail 


1 


In 


Indicates valid data present on sfu_hcu_sdata. 


sfu_hcu_sdata 


1 


In 


BHevei dot data. 


hcu_sfu_advdot 


1 


Out 


Informs the SFU that the HCU has captured the dot data on 
sfu_hcu_sdata and the SFU can now place the next dot on the 
data line. 


TFU Interface ~ 


tfu_hcu_avarl 


1 


In 


Indicates valid data present on tfu_hcu„tdata. 


tfu_hcu_tdata 


1 


In | 


Tag dot data. 
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Table 142. HCU port list and description 







hcu_tfu_advdot 


1 


Out 


Informs the TFU that the HCU has captured the dot data on 
tfu_hcu_tdata and the TFU can now place the next dot on the 
data line. 


DNC Interface 


dnc_hcu_ready 


1 


In 


Indicates that DNC is ready to accept data from the HCU. 


hcu_dnc_avail 


1 


Out 


Inolcates valid data present on hcujdncjdata. 


hcu_dnc_data[5:0] 


6 


Out 


Output bi-tevel dot data in 6 ink planes. 



28.4.2 Configuration Registers 

The configuration registers in the HCU are programmed via the PCU interface. Refer to section 21 .8.2 on 
page 257 for the description of the protocol and timing diagrams for reading and writing registers in the 
HCU. Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads 
and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for the 
HCU. When reading a register that is less than 32 bits wide zeros should be returned on the upper unused 
bit(s) of hcu_pcu_data. The configuration registers of the HCU are listed in Table 143. 



Table 143. HCU Registers 









1161] 




Control registers 


0x00 


Reset 


i 


0x1 


A write to this register causes a reset of the HCU. 


0x04 


Go 


1 


0x0 


Writing 1 to this register starts the HCU. Writing 0 to 
this register halts the HCU. 
When Go is asserted all counters, flags etc. are 
cleared or given their initial value, but configuration 
registers keep their values. 

When Go Is deasserted the state-machines go to their 
idle states but all counters and configuration registers 
keep their values. 

The HCU should be started afterthe CFU, SFU. TFU, 
and DNC. 

This register can be read to determine if the HCU is 
running 

(1 a running, 0 = stopped). 


Setup registers (constant for during processing) 


0x10 


AvailMask 


4 


0x0 


Mask used to determine which of the dotgen units etc. 
are to be checked before a dot is generated by the 
HCU within the specified margins for the specified 
color plane. If the specified dotgen unit Is stalled, then 
the HCU will also stall. 

See Table 144 for bit allocation and definition. 


0x14 


TMMask 


4 


0x0 


Same as AvailMask. but used in the top margin area 
before the appropriate target page is reached. 


oxta 


PageMarginY 


32 


0x0000_ 
0000 


The first line considered to be off the page. 


0x1C 


Max Dot 


16 


0x0000 


This Is the maximum dot number - 1 present across a 
page. For example if a page contains 13824 dots, 
then MaxDot will be 13823. 
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Table 143. HCU Registers 









GP$9 








0x20 


TopMargin 


32 


0x0000_ 
0000 


The first line on a page to be considered within the 
target page for contone and spot data. (0 = first 
printed line of page) 


0x24 


BottomMargin 


32 


0x0000_ 
0000 


The first line in the target bottom margin for contone 
and spot data (i.e. first tine after target page). 


0x28 


LeftMargin 


16 


0x0000 


The first dot on a line within the target page for con- 
tone and spot data. 


0x2C 


RightMargin 


16 


OxFFFF 


The first dot on a line within the target right margin for 
contone and spot data. 


0x30 


TagTopMargin 


32 


0x0000_ 
0000 


The first line on a page to be considered within the 
target page for tag data. (0 = first printed line of page) 


0x34 


Tag Bottom Margin 


32 


0x0000_ 
0000 


The first line in the target bottom margin for tag data 
(I.e. first Dne after target page). 


0x38 


Tag LeftMargin 


16 


0x0000 


The first dot on a Una within the target page for tag 
data. 


0x3C 


Tag RightMargin 


18 


OxFFFF 


The first dot on a line within the target right margin for 
tag data. 


0x40 


DMBeadEnable 


1 


0x0 


1 if a dither matrix is specified 
0 If a dither matrix is not specified. 


0x44 


StartDMAdr 


17 


0x0_ 
0000 


Points to the first 256-bit word of the first line of the 
dither matrix in DRAM. 






1 f 


AyA 

uxu 

0000 


points to tne last 250-011 word of the last fine of the 
dither matrix in DRAM. 


0x4C 


Unelncrement 


5 


0x2 


The number of 256-bit words In DRAM from the start 
of one line of the dither matrix and the start of the next 
line, i.e. the value by which the DRAM address is 
incremented at the start of a line so that it points to the 
start of the next line of the dither matrix. 


0x50 


DMinJtlndaxCO 


8 


0x00 


Initial index within 256-byte dither matrix line buffer for 
contone plane 0. If using double-buffer scheme, only 
the 7 Isbs are used. 


0x54 


DMLwrlndexCO 


3 


0x00 


1 cvjjot inrfpv within i>^R-hvrt« HHhor mairiv firm Kurffor 

for contone plane 0. If using double-buffer scheme, 
only the 7 Isbs are used. 


0x58 


DMUprlndexCO 


8 


0x3F 


Upper index within 256-byte tither matrix line buffer 
for contone plane 0. After reading the data at this 
location the index wraps to DMLwrlndexCO. If using 
double-buffer scheme, only the 7 isbs are used. 


0X5C 


DMInitlndexCI 


8 


0x00 


Initial index within 256-byte dither matrix line buffer tor 
contone plane 1 . If using double-buffer scheme, only 
the 7 Isbs are used. 


0x60 


DMLwrlndexCI 


8 


0x00 


Lower index within 256-byte dither matrix line buffer 
for contone plane 1 . If using double-buffer scheme, 
only the 7 Isbs are used. 


0x64 


DMUprtndexCl 


8 


0x3F 


Upper index within 256-byte dither matrix line buffer 
for contone plane 1 . After reading the data at this 
location the Index wraps to DMLwrlndexCI. If using 
double-buffer scheme, only the 7 Isbs are used. 
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Table 143. HCU Registers 







M 


m 




0x68 


DMInitJndexC2 


8 


0x00 


Initial index within 256-byte dither matrix line buffer tor 
wjiuuriB imaiio £. ii using uouuiunjuiiur scnwme, oniy 
the 7 Isbs are used. 






0 


OvOA 

uxuu 


Lower Index within 256-byte dither matrix line buffer 
for contone plane 2. If using double-buffer scheme, 
only the 7 labs are used- 


ux/u 


UMUprinuexvJZ 


8 


0x3 F 


Upper index within 256-byte dither matrix line buffer 
for contone plane 2. After reading the data at this 
location the Index wraps to 0MLwhndexC2. If using 
double-buffer scheme, only the 7 Isbs are used. 


0x74 


DMlnittndexC3 


8 


0x00 


Initial index within 256-byte dither matrix line buffer for 
contone plane 3. If using double-buffer scheme, only 
the 7 Isbs are used 


0x78 . 


DMLwrlndexC3 


8 


0x00 


Lower index within 256-byte dither matrix line buffer 
for contone plane 3. If using double-buffer scheme, 

WIMJr U Id f IQUg BID UaBU. 


0x7C 


DMUprtndexC3 


6 


0x3F 


Upper index within 256-byte dither matrix line buffer 
for contone plane 3. After reading the data at this 
location me moex wraps to UMuwnnoaxx^d. it using 
double-buffer scheme, only the 7 Isbs are used. 


0x80 


DoubleLineBuf 


1 


0x1 


Selects the dither tine buffer mode to be single or dou- 
ble buffer. 


0x84 to 0x98 


lOMappingLo 


6x32 


0x0000_ 
0000 


The dot reorg mapping for output Inks 0 to 5. For each 
ink's 64-bit lOMapping value, lOMappingLo repre- 
sents the low order 32 bits. 


0x9C to OxBO 


lOMappingHi 


6x32 


0x0000. 
0000 


The dot reorg mapping for output inks 0 to 5. For each 
ink's 64-bit lOMapping value, lOMappingHi represents 
the high order 32 bits. 


0xB4 to OxCO 


cpCortstartt 


4x8 


0x00 


The constant contone value to output for contone 
plane N when printing in the margin areas of the page. 
This value will typically be 0. 


0xC4 


sConstant 


1 


0x0 


The constant bMevel value to output for spot when 
printing in the margin areas of the page. Tnfs value 
•will typically be 0. 


0xC8 


1 Constant 


1 


0x0 


The constant bMevel value to output tor tag data when 
printing in the margin areas of the page. This value 
wai typically be 0. 


OxCC 


DitherConstant 


8 


OxFF 


The constant value to use for dither matrix when the 
dither matrix is not available, i.e. when the signal 
dm_avaiJ\s 0. This value wiD typically be OxFF so that 
cpConstant can easily be 0x00 or OxFF without requir- 
ing a dither matrix (DitherConstant Is primarily used 
for threshold dithering in the margin areas). 


Debug registers (read onjy) 
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Table 143. HCU Registers 




0x00 


HcuPortsDebug 


14 


N/A 


Bit 1 3 =5 tfu_hcu_avaii 










Bit 12 ° hcu_tfu_advdot 










Bit 1 1 = sfu_hcu_avalf 










Bit 10 = hcu_sfu_advdot 










Bit 9 = chj_hcu_avail 










Bit 8 = hcu_cfu_advdot 










Bit 7 o dnc^hcu^ready 










Dtl D a nCu_W/fC_a IraH 










Bits 5-0 = hcu^dnc^data 


0x04 


HcuDotgenDebug 


15 


N/A 


Bit 14 = after_top_ma/gin 










Bit 13 = in_tag_target _pago 










Bit 12 o fn_target_pago 










Bit 11 » tp_avai! 










Bit 1 0 a s_avail 










Bit 9 « cp_avail 










Bit 8 = dm_ avail 










Bit 7 o aetafof 










Bits 5-0 a [tos,cp3.cp2 F Cpf r cp0i 










(i.e. 6 bit input to dot reorg units) 


0xO8 


HcuDitherOebugl 


17 


N/A 


Bit 9 = aoVdo/ 










Bit 6 a dm_ avail 










Bit 1 5-8 = cp1_dither_vaJ 










Brta 7-0 = cpO_dither_va! 


OxDC 


HcuDitherDebug2 


17 


N/A 


Bit 9 = advdot 










Bit 8 a drn^avaJt 










Bit 15-8 = cp3_dither_vaJ 










Bits 7-0 = cp2_dither_val! 



28.4.3 Control unit 

The control unit is responsible for controlling the overall flow of the HCU. It is responsible for determin- 
ing whether or not a dot will be generated in a given cycle, and what dot will actually be generated - 
including whether or not the dot is in a margin area, and what dither cell values should be used at the spe- 
| cific dot location. A block diagram of the control unit is shown in Figure 196. 

The inputs to the control unit are a number of avail flags specifying whether or not a given dotgen unit is 
capable of supplying 'real' data in this cycle. The term 'rear refers to data generated from external 
sources, such as contone line buffers, bi-level line buffers, and tag plane buffers. Each dotgen unit informs 
the control unit whether or not a dot can be generated this cycle from real data. It must also check that the 
DNC is ready to receive data. 

The contone/spot margin unit is responsible for detennining whether the current dot coordinate is within 
the target contone/spot margins, and the tag margin unit is responsible for detenruning whether the current 
dot coordinate is within the target tag margins. 

The dither matrix table interface provides the interface to DRAM for the generation of dither ceil values 
that are used in the halftoning process in the contone dotgen unit 
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Figure 196. Block diagram of the control unit 



28.4.3.1 Determine AdvDot 



The HCU does not always require contone planes, bi-level or tag planes in order to produce a page. For 
example, a given page may not have a bi-level layer, or a tag layer. In addition, the contone and bi-level 
parts of a page are only required within the contone and bi-level page margins, and the tag part of a page is 
only required within the tag page margins. Thus output dots can be generated without contone, bi-level or 
tag data before the respective top margins of a page has been reached, and Os are generated for all color 
planes after the end of the page has been reached (to allow later stages of the printing pipeline to flush). 

Consequently the HCU has an AvailMask register that determines which of the various input avail flags 
should be taken notice of during the production of a page from the first line of the target page, and a 
TMMask register that has the same behaviour, but is used in the lines before the target page has been 
reached (i,e. inside the target top margin area). Each bit in the AvailMask refers to a particular avail bit: if 
the bit in the AvailMask register is set, then the corresponding avail bit must be l for the HCU to advance 
a dot. The bit to avail correspondence is shown in Table 144. Care should be taken with TMMask - if the 
particular data is not available after the top margin has been reached, then the HCU will stall. Note that the 
avail bits for contone and spot colors are ANDed with injtarget_page after the target page area has been 
reached to allow dot production in the contone/spot margin areas without needing any data in the CFU and 
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SFU. The avail bit for tag color is ANDed with injtag_target^)age after the target tag page area has been 
reached to allow dot production in the tag margin areas without needing any data in the TFU. 



Table 144. Correspondence between bit In Avail Mask and avail flag 









0 


dm_avaU 


dither matrix data available 


i 


cp_avall 


contone pixels available 


2 


s_avail 


spot color available 


3 


tp_avail 


tag plane available 



Each of the input avail bits is processed with its appropriate mask bit and the after jtop_margin flag. The 
output bits are ANDed together along with Go and okjtojwrite (which specifies whether the output buffer 
is ready to receive a dot in this cycle) to form the output bit advdot. We also generate wr_advdot. In this 
way, if the output buffer is full or any of the specified avail flags is clear, the HCU will stall. When the end 
of the page is reached, in_page will be deasserted and the HCU will continue to produce 0 for all dots as 
| long as the DNC requests data. A block diagram of the determine advdot unit is shown in Figure 197. 

The okjo_read signal from the output buffer indicates that the HCU has a dot available for the DNC to 
read (indicated to the DNC by the assertion of hcu_dnc_avail). If the DNC is ready to receive the dot 
{dncjxcu^ready is 1) then the dot is read from the output buffer by asserting rdjxdvdot. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 436 



SoPEC : Hardware Design 



Sh 



ln_target_page 

tm_ma8k[0] 
avalLmask|0] 
dmAvaH 

after_top_margin 

tm_masJ<i] 
avail_rnask{l) 
lnja/get_page 
cp_avall 

s.avaU 

tm_mask{2j 
avail_mask|2] 

afte r_ta g_to p_ marg In 

tm_mask(3) 

avail_mask{3] 
fn_tag_targat_page 
tp_avafl 

In_page 
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28.4.3.2 Position unit 



Figure 197. Block diagram of determine advdot unit 



The position unit is responsible for outputting the position of the current dot (curr _pos f currjine) and 
whether or not this dot is the last dot of a line (advline). Both curr ^pos and currjine are set to 0 at reset or 
when Co transitions from 0 to 1. The position unit relies on the advdot input signal to advance through the 
dots on a page. Whenever an advdot pulse is received, curr _pos gets incremented If curr _pos equals 
max_dot then an advline pulse is generated as this is the last dot in a line, currjine gets incremented, and 
the curr_pos is reset to 0 to start counting the dots for the next line. 



28.4.3.3 Margin unit 



The responsibility of the margin unit is to determine whether the specific dot coordinate is within the page 
at all, within the target page or in a margin area (see Figure 1 98). This unit is instantiated for both the con- 
tone/spot margin unit and the tag margin unit. 
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J3 



target top margin 



target page 

— printable page area 
(physical page) 



target bottom margin 



Figure 198. Page structure 



The margin unit takes the current dot and line position, and returns three flags. 

• the first, in-page is I if the current dot is within the page, and 0 if it is outside the page. 

• the second flag, in_target_page t is 1 if the dot coordinate is within the target page area of the page, and 
0 if it is within the target top/lefVbottom/right margins. 

• the third flag, after_top_margin, is 1 if the current dot is below the target top margin, and 0 if it is 
within the target top margin. 

A block diagram of the margin unit is shown in Figure 199. 



top_margln 



bottom_margin 



page_margln_y 



currjlne 



curr_pos 




ln_page irutargeCpaga after_top_margin 
Figure 199. Block diagram of margin unit 
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28.4.3.4 Dither matrix table interface 



The dither matrix table interface provides the interface to DRAM for the generation of dither cell values 
that are used in the halftoning process in the contone dotgen unit. The control flag dm _j-ead__enable 
enables the reading of the dither matrix table line structure from DRAM. If dm_readjenable is 0, the 
dither matrix is not specified in DRAM and no DRAM accesses are attempted The dither matrix table 
interface has an output flag dm^avail which specifies if the current line of the specified matrix is available. 
The HCU can be directed to stall when dmjavail is 0 by setting the appropriate bit in the HCU's Avail- 
Mask or TMMask registers. When dm_avail is 0 the value in the DitherConstant register is used as the 
dither cell values that are output to the contone dotgen unit. 

The dither matrix table interface consists of a state machine that interfaces to the DRAM interface, a dither 
matrix buffer that provides dither matrix values, and a unit to generate the addresses for reading the buffer. 
Figure 200 shows a block diagram of the dither matrix table interface. 



DIU 



advdot - 
dmJnJt_lnd8x_c[0-3) - 
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rd_adr_c2 8, dither matrix 
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T 




start_dm_a<lr 
end_dm_adr 
• Bnejncrement 



• dm_read_enable 



■ dither .constant 



cpO_dlther_veJ cp1_dither_val cp2_dithsr_val cp3_dfther_val 



Figure 200. Block diagram of dither matrix table Interface 

28.4.3.4.1 Dither matrix buffer 

The state machine loads dither matrix table data a line at a time from DRAM and stores it in a buffer. A 

I single line of the dither matrix is either 256 or 128 8-bit entries, depending on the programmable bit Dou- 
bleLineBuf. If this bit is enabled, a double-buffer mechanism is employed such that while one buffer is 
read from for the current line's dither matrix data (8 bits representing a single dither matrix entry), the 
| other buffer is being written to with the next line's dither matrix data (64-bits at a time). Alternatively, the 
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single buffer scheme can be used, where the data must be loaded at the end of the line, thus incurring a 
delay. 

The single/double buffer is implemented using a 256 byte 3 -port register array, two reads, one write port, 
with the reads clocked at double the system clock rate (320MHz) allowing 4 reads per clock cycle. 

The dither matrix buffer unit also provides the mechanism for keeping track of the current read and write 
buffers, and providing the mechanism such that a buffer cannot be read from until it has been written to. In 
this case, each buffer is a line of the dither matrix, i.e. 256 or 128 bytes. 

A bit is kept for the status of each dither matrix line buffer: buff_javail[0] and bujffLavailfJJ. It also keeps a 
single bit (rdjbuff) for the current buffer that reads are to occur from, and a single bit (wrjbuff) for the cur- 
rent buffer that writes are to occur to. The output value dmjavail equals buff_avail [rdjbuff]. The output 
value okjtojwrite equals buff_avail [wrjbuff]. Note that when using a single line buffer, buffjavailfl] is 
not used 

The read addresses are byte aligned. A single dither matrix entry is represented by 8 bits and an entry is 
read for each of the four contone planes in parallel. When a advline pulse is received, buff_avail [rdjbuff] 
is cleared, and rdjbuffis inverted (if using a double line buffer). 

Data is written, 64 bits at a time to the current write buffer when diu_hcu_rvalid is asserted. When WrAdr 
is 0x1 F and diujtcu^rvalid is 1, buff jjvail [wrjbuff] is set, and wrjbuff is inverted (if using a double line 
buffer). This indicates that a line of dither matrix has been written to the current write buffer and it is now 
available to be read 

28.4.3.4.2 Read address generator 

For each contone plane there is a initial, lower and upper index to be used when reading dither cell values 
from the dither matrix double buffer. The read address for each plane is used to select a byte from the cur- 
rent 256-byte read buffer. When Go gets set (0 to I transition), or at the end of a line, the read addresses 
are set to their corresponding initial index. Otherwise, the read address generator relies on advdot to 
advance the addresses within the inclusive range specified the lower and upper indices, represented by the 
following pseudocode: 

if (advdot »* 1) then 

if (advline «== 1> then 

rdLadr a dm_in i t_index 
els if ( rd_odr == dnuupr_index) then 

rd_adr = dm_lwr_ index 
else 

rd_adr 

else 

rd_adr = rd_adr 

28.4.3.4.3 State machine 

The dither matrix is read from DRAM in single 256-bit accesses, receiving the data from the DIU over 4 
clock cycles (64-bits per cycle).The protocol and timing for read accesses to DRAM is described in sec- 
tion 20.9.1 on page 208. Read accesses to DRAM are implemented by means of the state machine 
described in Figure 201 . 

All counters and flags should be cleared after reset or when Go transitions from 0 to L While the Go bit is 
1 , the state machine relies on the dm_read_enable bit to tell it whether to attempt to read dither matrix data 
from DRAM. When dmjreadjznable is clear, the state machine does nothing and remains in the idle state. 
When dm_read_enable is set, the state machine continues to load dither matrix data, 256-bits at a time 
(received over 4 clock cycles, 64 bits per cycle), while there is space available in the dither matrix buffer. 
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The read address and line _s tart jadr are initially set to start_dmjadr. The read address gets incremented 
after each read access. It takes 4 or 8 read accesses to load a line of dither matrix into the dither matrix 
buffer, depending on whether we're using a single or double buffer. A count is kept of the accesses to 
DRAM. When a read access completes and access_count equals 3 or 7, a line of dither matrix has just 
been loaded from and the read address is updated lo linejstartjadr plus linejncrement so it points to the 
start of the next line of dither matrix, {line _start_adr is also updated to this value). If the read address 
equals end_dm_adr then the next read address will be start _dm_adr 1 thus the read address wraps to point 
to the start of the area in DRAM where the dither matrix is stored. 

The write address for the dither matrix buffer is implemented by means of a modulo -3 2 counter that is ini- 
tially set to 0 and incremented when diujicujrvalid is asserted. 
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Figure 201. State machine to read dither matrix table 
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28.4.4 Contone dotgen unit 

The coatone dotgen unit is responsible for producing a dot in up to 4 color planes per cycle. The contone 
dotgen unit also produces a cpjavail flag which specifies whether or not contone pixels are currently avail- 
able, and the output hcu_cju_advdot to request the CFU to provide the next contone pixel in up to 4 color 
planes. 

The block diagram for the contone dotgen unit is shown in Figure 202. 



hcu_du_advdot 
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Figure 202. Contone dotgen unit 

A dither unit provides the functionality for dithering a single contone plane. The contone image is only 
denned within the contone/spot margin area. As a result, if the input flag injtarget _page is 0, then a con- 
stant contone pixel value is used for the pixel instead of the contone plane. 



The resultant contone pixel is then halftoned. The dither value to be used in the halftoning process is pro- 
vided by the control data unit The halftoning process involves a comparison between a pixel value and its 
corresponding dither value. If the 8-bit contone value is greater than or equal to the 8-bit dither matrix 
value a 1 is output. If not, then a 0 is output. This means each entry in the dither matrix is in the range 1 - 
255 (0 is not used). 
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28.4.5 Spot dotgen unit 

The spot dotgen unit is responsible for producing a dot of bi -level data per cycle. It deals with bi -level data 
(and therefore does not need to halftone) that comes from the LBD via the SFU. Like the contone layer, 
the bi-level spot layer is only defined within the contone/spot margin area. As a result, if input flag 
injarget_page is 0, then a constant dot value (typically this would be 0) is used for the output dot. 

The spot dotgen unit also produces a sjavail flag which specifies whether or not spot dots are currently 
available for this spot plane, and the output hcu^fujadvdot to request the SFU to provide the next bi-level 
data value. The spot dotgen unit can be represented by the following pseudocode: 

a_avail » sfu_hcu__avail 

if (in_target_page == i AND advdot == 1) then 

hcu w sfu_advdot = 1 
else 

hcu_s fu_advdot » 0 

if (in_target_page « 1) then 

ap & sfu_heu_sdata 
else 

sp « sp_constant 

28.4.6 Tag dotgen unit 

This unit is very similar to the spot dotgen unit (see Section 28.4.5) in that it deals with bi-level data, in 
this case from the TE via the TFU. The tag layer is only defined within the tag margin area. As a result, if 
input flag injtag_target_page is 0, then a constant dot value, tpjconstant (typically this would be 0), is 
used for the output dot. The tagplane dotgen unit also produces a tp_avail flag which specifies whether or 
not tag dots are currently available for the tagplane, and the output hcujtfu_advdot to request the TFU to 
provide the next bi-level data value. 

28.4.7 Dot reorg unit 

The dot reorg unit provides a means of mapping the bi-level dithered data, the spotO color, and the tag data 
to output inks in the actual printhead Each dot reorg unit takes a set of 6 1 -bit inputs and produces a single 
bit output that represents the output dot for that color plane. 

The output bit is a logical combination of any or all of the input bits. This allows the spot color to be 
placed in any output color plane (including infrared for testing purposes), black to be merged into cyan, 
magenta and yellow (in the case of no black ink in the Memjet printhead), and tag dot data to be placed in 
a visible plane. An output for fixative can readily be generated by simply combining desired input bits. 

The dot reorg unit contains a 64-bit lookup to allow complete freedom with regards to mapping. Since all 
possible combinations of input bits are accounted for in the 64 bit lookup, a given dot reorg unit can take 
the mapping of other reorg units into account. For example, a black plane reorg unit may produce a 1 only 
if the contone plane 3 or spot color inputs are set (this effectively composites black bi-level over the con- 
tone). A fixative reorg unit may generate a I if any 2 of the output color planes is set (taking into account 
the mappings produced by the other reorg units). 

| If dead nozzle replacement is to be used (see section 29.4.2 on page 448), the dot reorg can be pro- 

grammed to direct the dots of the specified color into the main plane, and 0 into the other. If a nozzle is 
then marked as dead in the DNC, swapping the bits between the planes will result in 0 in the dead nozzle, 
and the required data in the other plane. 

If dead nozzle replacement is to be used, and there are no tags, the TE can be programmed with the posi- 
tion of dead nozzles and the resultant pattern used to direct dots into the specified nozzle row. If only fixed 
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background TFS is to be used, a limited number of nozzles can be replaced. If variable tag data is to be 
used to specify dead nozzles, then large numbers of dead nozzles can be readily compensated for. 

The dot reorg unit can be used to average out the nozzle usage when two rows of nozzles share the same 
ink and tag encoding is not being used. The TE can be programmed to produce a regular pattern (e.g. 0101 
on one line, and 1010 on the next) and this pattern can be used as a directive as to direct dots into the spec- 
ified nozzle row. 

Each reorg unit contains a 64-bit lOMapping value programmable as two 32-bit HCU registers, and a set 
of selection logic based on the 6-bit dot input (2 6 = 64 bits), as shown in Figure 203. 

Input dot 




Figure 203. Block diagram of dot reorg unit 

The mapping of input bits to each of the 6 selection bits is as defined in Table 145. 
Table 145. Mapping of input bits to 6 selection bits 
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S3 



29 Dead Nozzle Compensator (DNC) 



29.1 Overview 



The Dead Nozzle Compensator (DNC) is responsible for adjusting Memjet dot data to take account of 
non-functioning nozzles in the Memjet printhead. Input dot data is supplied from the HCU, and the cor- 
rected dot data is passed out to the DWU. The high level data path is shown by the block diagram in Figure 
204. 







ORAM 












Dead Nozzle 
Data 

r 




HCU 


raw dot k 


DNC 


compensated^ 


DWU 


data w 


dot p 



Figure 204. High level block diagram of DNC 

The DNC compensates for a dead nozzles by performing the following operations: 

• Dead nozzle removal, i.e. turn the nozzle off 

• Ink replacement by direct substitution i.e. K -> K 

• Ink replacement by indirect substitution i.e. K -> CMY 

• Error diffusion to adjacent nozzles 

• Fixative corrections 

The DNC is required to efficiently support up to 5% dead nozzles, under the expected DRAM bandwidth 
allocation, with no restriction on where dead nozzles are located and handle any fixative correction due to 
nozzle compensations. Performance must degrade gracefully after 5% dead nozzles. 



29.2 Dead nozzle identification 



Dead nozzles are identified by means of a position value and a mask value. Position information is repre- 
sented by a 10-bit delta encoded format, where the 10-bit value defines the number of dots between dead 
nozzle columns 1 . With the delta information it also reads the 6-bit dead nozzle mask (dn_rnask) for the 
defined dead nozzle position. Each bit in the dnjnask corresponds to an ink plane. A set bit indicates that 
the nozzle for the corresponding ink plane is dead. The dead nozzle table format is shown in Figure 205. 
The DNC reads dead nozzle information from DRAM in single 256-bit accesses. A 10-bit delta encoding 
scheme is chosen so that each table entry is 16 bits wide, and 16 entries fit exactly in each 256-bit read. 
Using 10-bit delta encoding means that the maximum distance between dead nozzle columns is 1023 dots. 
It is possible that dead nozzles may be spaced further than 1 023 dots from each other, so a null dead nozzle 
identifier is required. A null dead nozzle identifier is defined as a 6-bit dn_mask of all zeros. These null 
dead nozzle identifiers should also be used so that: 

• the dead nozzle table is a multiple of 1 6 entries (so that it is aligned to the 256-bit DRAM locations) 



1 . for a 10-bit delta value of d t if the current column n is a dead nozzle column then the next dead nozzle column is given by n +■ (d + 1). 
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• the dead nozzle table spans the complete length of the line, i.e. the first entry dead nozzle table should 
have a delta from the first nozzle column in a line and the last entry in the dead nozzle table should cor- 
respond to the last nozzle column in a line. 

Note that the DNC deals with the width of a page. This may or may not be the same as the width of the 
printhead (the PHI may introduce some margining to the page so that its dot output matches the width of 
the printhead). Care must be taken when programming the dead nozzle table so that dead nozzle positions 
are correctly specified with respect to the page and printhead. 



16 bits wide 



N dead nozzle 
columns 




Table Entry Structure 



10-bit Delta Encode 



6-bit OnMask 



bits 15-6 



bits 5-0 



Figure 205. Dead nozzle table format 



29.3 DRAM STORAGE AND BANDWIDTH REQUIREMENT 

The memory required is largely a factor of the number of dead nozzles present in the printhead (which in 
turn is a factor of the printhead size). The DNC is required to read a 16-bit entry from the dead nozzle table 
for every dead nozzle. Table 146 shows the DRAM storage and average 1 bandwidth requirements for the 
DNC for different percentages of dead nozzles and different page sizes. 

Table 146. Dead Nozzle storage and average bandwidth requirements 
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1.6 
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2.4 



a. Bi-lithic printhead has 13824 nozzles per color providing full bleed printing for A4/Letter 

b, Bi-lithic printhead has 19488 nozzles per color providing full bleed printing for A3 



1 . Average bandwidth assumes an even spread of dead nozzles. Clumps of dead nozzles may cause delays due to insufficient available 
DRAM bandwidth. These delays will occur every line causing an accumulative delay over a page. 
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c. 1 6 bits x 1 3824 nozzles x 0.05 dead 

d. (16 bits read / 20 cycles) = 0.8 bits/cycle 



29.4 



Nozzle compensation 



DNC receives 6 bits of dot information every cycle from the HCU, 1 bit per color plane. When the dot 
position corresponds to a dead nozzle column, the associated 6-bit dn_mask indicates which ink piane(s) 
contains a dead nozzle(s). The DNC first deletes dots destined for the dead nozzle. It then replaces those 
dead dots, either by placing the data destined for the dead nozzle into an adjacent ink plane (direct substi- 
tution) or into a number of ink planes (indirect substitution). After ink replacement, if a dead nozzle is 
made active again then the DNC performs error diffusion. Finally, following the dead nozzle compensa- 
tion mechanisms the fixative, if present, may need to be adjusted due to new nozzles being activated, or 
dead nozzles being removed 



If a nozzle is denned as dead, then the first action for the DNC is to turn off (zeroing) the dot data destined 
for that nozzle. This is done by a bit- wise ANDing of the inverse of the dn_mask with the dot value. 



Ink replacement is a mechanism where data destined for the dead nozzle is placed into an adjacent ink 
plane of the same color (direct substitution, i.e. K -> 1^^^^, or placed into a number of ink planes, the 
combination of which produces the desired color (indirect substitution, i.e. It -> CMY). Ink replacement is 
performed by filtering out ink belonging to nozzles that are dead and then adding back in an appropriately 
calculated pattern. This two step process allows the optional re-inclusion of the ink data into the original 
dead nozzle position to be subsequently error diffused. In the general case, fixative data destined for a dead 
nozzle should not be left active intending it to be later diffused. 

The ink replacement mechanism has 6 ink replacement patterns, one per ink plane, programmable by the 
CPU. The dead nozzle mask is ANDed with the dot data to see if there are any planes where the dot is 
active but the corresponding nozzle is dead. The resultant value forms an enable, on a per ink basis, for the 
ink replacement process. If replacement is enabled for a particular ink, the values from the corresponding 
replacement pattern register are ORed into the dot data. The output of the ink replacement process is then 
filtered so that error diffusion is only allowed for the planes in which error diffusion is enabled. The output 
of the ink replacement logic is ORed with the resultant dot after dead nozzle removal. See Figure 210 on 
page 459 for implementation details. 

For example if we consider the printhead color configuration C t M,Y,K It K 2 ,IR and the input dot data from 
the HCU is b 101 100. Assuming that the Kj ink plane and IR ink plane for this position are dead so the 
dead nozzle mask is bOOOlOl . The DNC first removes the dead nozzle by zeroing the K x plane to produce 
b 10 1000. Then the dead nozzle mask is ANDed with the dot data to give bOOOlOO which selects the ink 
replacement pattern for K } (in this case the ink replacement pattern for K x is configured as bOOOOlO, i.e. 
ink replacement into the K 2 plane). Providing error diffusion for K 2 is enabled, the output from the ink 
replacement process is bOOOOlO. This is ORed with the output of dead nozzle removal to produce the 
resultant dot blOlOlO. As can be seen the dot data in the defective K x nozzle was removed and replaced by 
a dot in the adjacent K 2 nozzle in the same dot position, i.e. direct substitution. 

In the example above the K x ink plane could be compensated for by indirect substitution, in which case ink 
replacement partem for Ki would be configured as bl 1 1000 (substitution into the CMY color planes), and 
this is ORed with the output of dead nozzle removal to produce the resultant dot bl 1 1000. Here the dot 
data in the defective Kj ink plane was removed and placed into the CMY ink planes. 



29.4.1 



Dead nozzle removal 



29.4.2 Ink replacement 
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29.4.3 Error diffusion 

Based on the programming of the lookup table the dead nozzle may be left active after ink replacement. In 
such cases the DNC can compensate using error diffusion. Error diffusion is a mechanism where dead noz- 
zle dot data is diffused to adjacent dots. 

When a dot is active and its destined nozzle is dead, the DNC will attempt to place the data into an adja- 
cent dot position, if one is inactive. If both dots are inactive then the choice is arbitrary, and is determined 
by a pseudo random bit generator. If both neighbor dots are already active then the bit cannot be compen- 
sated by diffusion. 

Since the DNC needs to look at neighboring dots to determine where to place the new bit (if required), the 
DNC works on a set of 3 dots at a time. For any given set of 3 dots, the first dot received from the HCU is 
referred to as dot A, and the second as dot B, and the third as dot C. The relationship is shown in Figure 
206. 



dot A 



dotB 



m-1 

direction of dot movement 



dotC 



Figure 206. Set of dots operated on for error diffusion 

For any given set of dots ABC, only B can be compensated for by error diffusion if B is defined as dead. A 
1 in dot B will be diffused into either dot A or dot C if possible. If there is already a 1 in dot A or dot C 
then a 1 in dot B cannot be diffused into that dot. 

The DNC must support adjacent dead nozzles. Thus if dot A is defined as dead and has previously been 
compensated for by error diffusion, then the dot data from dot B should not be diffused into dot A. Simi- 
larly, if dot C is defined as dead, then dot data from dot B should not be diffused into dot C. 

Error diffusion should not cross line boundaries. If dot B contains a dead nozzle and is the first dot in a line 
then dot A represents the last dot from the previous line. In this case an active bit on a dead nozzle of dot B 
should not be diffused into dot A. Similarly, if dot B contains a dead nozzle and is the last dot in a line then 
dot C represents the first dot of the next line. In this case an active bit on a dead nozzle of dot B should not 
be diffused into dot C. 

Thus, as a rule, a 1 in dot B cannot be diffused into dot A if 

• a 1 is already present in dot A, 

• dot A is defined as dead, 

• or dot A is the last dot in a line. 

Similarly, a 1 in dot B cannot be diffused into dot C if 

• a 1 is already present in dot C, 

• dot C is defined as dead, 

• or dot C is the first dot in a line. 

If B is defined to be dead and the dot value for B is 0, then no compensation needs to be done and dots A 
and C do not need to be changed. 

If B is defined to be dead and the dot value for B is 1 , then B is changed to 0 and the DNC attempts to 
place the 1 from B into either A or C: 

• If the dot can be placed into both A and C, then the DNC must choose between them. The preference is 
given by the current output from the random bit generator, 0 for "prefer left" (dot A) or 1 for "prefer 
right" (dot C). 
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• If dot can be placed into only one of A and C, then the 1 from B is placed into that position. 

• If dot cannot be placed into either one of A or C, then the DNC cannot place the dot in either position. 
Table 147 shows the truth table for DNC error diffusion operation when dot B is defined as dead. 



Table 147. Error Diffusion Truth Table when dot B Is dead 
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A input 
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C input 
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A Input 
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C Input 
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C input 
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A input 
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1 
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C input 
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X 


A input 
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C input 
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A input 
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C Input 
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A Input 


0 


1 


1 


1 


1 I 


X 


A input 


o . 


C input 



a. Output from random bit generator. Determines direction of error diffusion (0 = left, 1 = right) 

b. Bold emphasis is used to show the DNC inserted a 1 

The random bit value used to arbitrarily select the direction of diffusion is generated by a 32-bit maximum 
length random bit generator. The generator generates a new bit for each dot in a line regardless of whether 
the dot is dead or not. The random bit generator can be initialized with a 32-bit programmable seed value. 

29.4.4 Fixative correction 

After the dead nozzle compensation methods have been applied to the dot data, the fixative, if present, may 
need to be adjusted due to new nozzles being activated, or dead nozzles being removed. For each output 
dot the DNC determines if fixative is required (using the FixativeRequiredMask register) for the new com- 
pensated dot data word and whether fixative is activated already for that dot. For the DNC to do so it needs 
to know the color plane that has fixative, this is specified by the FixativeMaskl configuration register. 
Table 148 indicates the actions to take based on these calculations. 



Table 148. Truth table for fixative correction 









1 


1 


Output dot as is. 


1 


0 


Clear fixative plane. 


0 


1 


Attempt to add fixative. 


0 


0 


Output dot as Is. 



The DNC also allows the specification of another fixative plane, specified by the FixativeMask2 configura- 
tion register, with FixativeMaskl having the higher priority over FixativeMask2. When attempting to add 
fixative the DNC first tries to add it into the planes defined by FixativeMaskl. However, if any of these 
planes is dead then it tries to add fixative by placing it into the planes defined by FixativeMask2. 
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Note that the fixative defined by FixativeMaskl and FixativeMask2 could possibly be multi-part fixative, 
i.e. 2 bits could be set in FixativeMaskl with the fixative being a combination of both inks. 
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S3 



29.5 Implementation 

A block diagram of the DNC is shown in Figure 207. 
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Figure 207. Block diagram of DNC 
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29.5.1 Definitions of I/O 



Table 149. DNC port list and description 



MiMfttftrJAri 


UK 


mm 




Clocks and Resets 


PCHc 


1 


In 


System Clock. 


prst.n 


t 


In 


System reset, synchronous active low. 


PCU Interface 


pcu_dnc_sel 


1 


In 


Block select from the PCU. When pcu_dnc_sel\$ high both 
pcu^adr and pcu_dataout are valid. 


pcu_rwn 




In 


Common read/not- writ© signal from the PCU. 


pcu_adr{6:2] 


5 


In 


PCU address bus. Only S bits are required to decode the 
address space for this block. 


pcu_dataout(31:0] 


32 


In 


Shared write data bus from the PCU. 


dnc_pcu_rdy 


1 


Out 


Ready signal to the PCU. When dnc_pcu__rtiy Is high It indi- 
cates the last cycle of the access. For a write cycle this 
means pcu^dataout has been registered by the block and for 
a read cycle this means the data on dnc^pcujdata is valid. 


dnc_pcu_data[31 :0] 


32 


Out 


Read data bus to the PCU. 


DIU Interface 


dnc_diu_rreq 


1 


Out 


DNC unit requests DRAM read. A read request must be 
accompanied by a valid read address. 


dnc_diu_radr[21 :5J 


17 


Out 


Read address to DIU, 256-bit word aligned. 


diu_dne_rack 


1 


In 


Acknowledge from DIU that read request has been accepted 
and new read address can be placed on dncjdiujradr 


diu_dnc_rvalid 


1 


In 


Read data valid, active high. Indicates that valid read data Is 
now on the read data bus, diujdata. 


diu_data(63:0] 


64 


In 


Read data from DIU. 


HCU Interface 


dnc_hcu_ready 


1 


Out 


Indicates that DNC Is ready to accept data from the KCU. 1 


hcu_dnc_avail 


1 


In 


Indicates valid data present on hcu_dnc_data. 


hcu_dnc_data[5:0] 


6 


In 


Output bi -level dot data in 6 ink planes. 


DWU interface 


dwu_dnc_ready 


1 ! 


In ! 


Indicates that DWU Is ready to accept data from the DNC. 


dnc_dwu_avail 


1 


Out 


Indicates valid data present on dncjdwu_data. 


dnc_dwu_data(5;0] 


6 


Out 


Output bMevei dot data in 6 ink planes. 



29.5.2 Configuration registers 

The configuration registers in the DNC are programmed via the PCU interface. Refer to section 21.8.2 on 
page 257 for the description of the protocol and timing diagrams for reading and writing registers in the 
DNC. Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads 
and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for the 
DNC. When reading a register that is less than 32 bits wide zeros should be returned on the upper unused 
bit(s) of dnc_pcu_data. Table 1 50 lists the configuration registers in the DNC. 
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Tabfe 150. DNC configuration registers 









Control registers 


0x00 


Reset 


1 


0x1 


A write to this register causes a reset of ttie 
DNC. 


0x04 


Go 


1 


0x0 


Writing 1 to this register starts the DNC. Writing 
0 to this register halts the DNC. 
When Go Is asserted all counters, flags etc. are 
cleared or given their initial value* but configura- 
tion registers keep their values. 
When Go Is deasserted the state-machines go 
to their idle states but all counters and configu- 
ration registers Keep their values. 
This register can be read to determine If the 
DNC is running 
(1 o running. 0 o stopped). 


Setup registers (constant during processing) 


0x10 


MaxDot 


16 


0x0000 


This is the maximum dot number - 1 present 
across a page. For example if a page contains 
13824 dots, then MaxDot will be 13823. 
Note that this number may or may not be the 
same as the number of dots across the print- 
head as some margining may be introduced in 
the PHI. 


0x14 


LSFR 


32 


0xOO00_ 
0000 


The current value of the LFSR register used as 
the 32-bit maximum length random bit genera- 
tor. 

Users can write to this register to program a 
seed value for the 32-bit maximum length ran- 
dom bit generator. Must not be all 1s tor taps 
implemented in XNOR form, (it is expected that 
writing a seed value will not occur during the 
operation of the LFSR). 

This LSFR value could also have a possible use 
as a random source in program code. 


0x20 


FixattveMaskl 


6 


0x00 


Defines the higher priority fixative plane(s). Bit 0 

represents the settings for plane 0, bit 1 for 

plane 1 etc. For each bit 

1 = the ink plane contains fixative. 

0 = the ink plane does not contain fixative. 


0x24 


FixativeMask2 


6 


0x00 


Defines the lower priority fixative plane(s). Bit 0 

represents the settings for plane 0, bit 1 for 

plane 1 etc. Used only when FixativeMaskl 

planes are dead. For each bit 

1 = the ink plane contains fixative. 

0 s the ink plane does not contain fixative. 


0x28 


Fixative Required Mask 


6 


0x00 


Identifies the ink planes that require fixative. Bit 

0 represents the settings for plane 0, bit 1 for 
plane 1 etc. For each bit: 

1 o the ink plane requires fixative. 

0 = the ink plane does not require fixative (e.g. 
Ink is self-fixing) 
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Tabfe 150. DNC configuration registers 




DnTableStartAdr 



0x0_0000 



Start address of Dead Nozzle Table in DRAM, 
specified in 256-bit words. 



0x34 



DnTableEndAdr 



17 



0x0_0000 



End address of Dead Nozzle Table in DRAM, 
specified in 256-bit words, i.e. the location con- 
taining the last entry in the Dead Nozzle Table. 
The Dead Nozzle Table should be aligned to a 
256-bit boundary, if necessary it can be padded 
with null entries. 



0x40 - 0x54 



Plane Replace Pat- 
tern^] 



6x6 



0x00 



Defines the ink replacement pattern (or each ol 
the 6 ink planes. PJaneReptacePattern[0] is the 
ink replacement pattern for plane 0, PtanaRe- 
placePattern[1]i& the ink replacement pattern 
for plane 1 , etc. 

For each 6-bit replacement pattern for a plane, 
a 1 1n any bit positions indicates the alternative 
ink planes to be used for this plane. 



0x56 



Diffuse Enable 



0x3F 



Defines whether, after Ink replacement, error 
diffusion is allowed to be performed on each 



Bit O represents the settings for plane 0, bit 1 for 
plane 1 etc. For each bit 
1 « error diffusion is enabled 
0 o error diffusion Is disabled 



Debug registers (read only) 



0x60 



DncOutputDebug 



N/A 



Bit 7 = dwu mm dnc_ ready 
Bit 6 o dnc_dvnj_avall 
Bits 5-0 = dnc_dwu_data 



0x64 



DncReplace Debug 



14 



N/A 



Bit 13= edu_raady 
Bit 12 ^iru^avail 
Bits 11-6 = iru_dn_mask 
Bits 5-0 = iru_data 



0x68 



DncDiffuse Debug 



14 



N/A 



Bit 13 = dwu_ dnc_ rea dy 
Bit 12 = dnc_dwu_avail 
Bits 1 1-6 = edu_dn_mask 
Bits 5-0 = edu^data 
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J3 



29.5.3 Ink replacement unit 

Figure 208 shows a sub-block diagram for the ink replacement unit 
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Figure 208. Sub-block diagram of ink replacement unit 



29.5. 3. 1 Control unit 

The control unit is responsible for reading the dead nozzle table from DRAM and making it available to 
the DNC via the dead nozzle FIFO. The dead nozzle table is read from DRAM in single 256-bit accesses, 
receiving the data from the DIU over 4 clock cycles (64-bits per cycle). The protocol and timing for read 
accesses to DRAM is described in section 20.9.1 on page 208. Reading from DRAM is implemented by 
means of the state machine shown in Figure 209. 

All counters and flags should be cleared after reset. When Go transitions from 0 to 1 all counters and flags 
should take their initial value. While the Go bit is 1 , the state machine requests a read access from the dead 
nozzle table in DRAM provided there is enough space in its FIFO. 

A modulo-4 counter, rd_count, is used to count each of the 64-bits received in a 256-bit read access. It is 
incremented whenever diujinc_rvalid is asserted. When Go is 1, dn_table_radr is set to 
dnjtable_ftart_adr. As each 64-bit value is returned, indicated by diujdnc_rvalid being asserted, 
dnjLable_radr is compared to dn_table__end_adr. 

• If rdjzount equals 3 and dn_table_radr equals dnjtable_end_adr > then dnjtable _jadr is updated to 
dnjtable _jtart_pdr. 

• \frd_count equals 3 and dnjtable^radr does not equal dnjtable_end_jadr t then dnjtabie_radr is incre- 
mented by 1 . 

A count is kept of the number of 64-bit values in the FIFO. When diu_dnc_rvalid is 1 data is written to the 
FIFO by asserting wr_en, and fifojzontents and fifo_wr_adr are both incremented. 
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V^htnfifojoontents[3:0] is greater than 0 and edu_ready is I, dncjicu_ready is asserted to indicate that 
the DNC is ready to accept dots from the HCU. If hcujkicjxvail is also I then a dotadv pulse is sent to the 
GenMask unit, indicating the DNC has accepted a dot from the HCU, and iru_avail is also asserted. After 
Co is set, a single preload pulse is sent to the GenMask unit once the FIFO contains data. 

When a rd^adv pulse is received from the GenMask unit, fifo_rd_adr [4:0] is then incremented to select 
the next 16-bit value. If \fif0jrdj2dr [1:0] - 1 1 then the next 64-bit value is read from the FIFO by asserting 
rd^en, andfifo_contents[3:0] is decremented. 
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Figure 209. Dead nozzle table state machine 



29.5.3.2 Dead nozzle FIFO 

The dead nozzle FIFO conceptually is a 64-bit input, and 16-bit output FIFO to account for the 64-bit data 
transfers from the DIU, and the individual 16-bit entries in the dead nozzle table that are used in the Gen- 
Mask unit. In reality, the FIFO is actually 8 entries deep and 64-bits wide (to accommodate two 256-bit 
accesses). 

On the DRAM side of the FIFO the write address is 64-bit aligned while on the GenMask side the read 
address is 16-bit aligned, i.e. the upper 3 bits are input as the read address for the FfFO and the lower 2 bits 
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are used to select 16 bits from the 64 bits (1st 16 bits read corresponds to bits 1 5-0, second 16 bits to bits 
31-16 etc.). 

29.5.3.3 GenMaskunit 

The GenMask unit generates the 6-bit dn_mosk that is sent to the replace unit. It consists of a 10-bit delta 
counter and a mask register. 

After Co is set, the GenMask unit will receive a preload pulse from the control unit indicating the first 
dead nozzle table entry is available at the output of the dead nozzle FIFO and should be loaded into the 
delta counter and mask register. A rd_adv pulse is generated so that the next dead nozzle table entry is pre- 
sented at the output of the dead nozzle FIFO. The delta counter is decremented every time a dotadv pulse 
is received When the delta counter reaches 0, it gets loaded with the current delta value output from the 
dead nozzle FIFO, i.e. bits 15-6, and the mask register gets loaded with mask output from the dead nozzle 
FIFO, i.e. bits 5-0. A rdjadv pulse is then generated so that the next dead nozzle table entry is presented at 
the output of the dead nozzle FIFO. 

When the delta counter is 0 the value in the mask register is output as the dn _jnask> otherwise the dn _/nask 
is all 0s. 

The GenMask unit has no knowledge of the number of dots in a line, it simply loads a counter to count the 
delta from one dead nozzle column to the next. Thus as described in section 29.2 on page 446 the dead 
nozzle table should include null identifiers if necessary so that the dead nozzle table covers the first and 
last nozzle column in a line. 

29.5.3.4 Replace unit 

Dead nozzle removal and ink replacement are implemented by the combinatorial logic shown in Figure 
210. Dead nozzle removal is performed by bit-wise ANDing of the inverse of the dn_mask with the dot 
value. 

The ink replacement mechanism has 6 ink replacement patterns, one per ink plane, programmable by the 
CPU. The dead nozzle mask is ANDed with the dot data to see if there are any planes where the dot is 
active but the corresponding nozzle is dead. The resultant value forms an enable, on a per ink basis, for the 
ink replacement process. If replacement is enabled for a particular ink, the values from the corresponding 
replacement pattern register are ORed into the dot data. The output of the ink replacement process is then 
filtered so that error diffusion is only allowed for the planes in which error diffusion is enabled. 

The output of the ink replacement process is ORed with the resultant dot after dead nozzle removal. If the 
dot position does not contain a dead nozzle then the dnjmask will be all 0s and the dot, hcu_dnc_data, will 
be passed through unchanged. 
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Figure 210. Logic for dead nozzle removal and Ink replacement 
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29.5.4 Error Diffusion Unit 

Figure 21 1 shows a sub-block diagram for the error diffusion unit. 
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Figure 211. Sub-bJock diagram of error diffusion unit 



29.5.4.1 Random Bit Generator 



The random bit value used to arbitrarily select the direction of diffusion is generated by a maximum length 
32-bit LFSR. The tap points and feedback generation are shown in Figure 212. The LFSR generates a hew 
bit for each dot in a line regardless of whether the dot is dead or not, i.e shifting of the LFSR is enabled 
when advdot equals I. The LFSR can be initialised with a 32-bit programmable seed value, random^seed 
This seed value is loaded into the LFSR whenever a write occurs to the RandomSeed register. Note that the 
seed value must not be all Is as this causes the LFSR to lock-up. 



» [3l|30|29|28l27|26|25|24|23|22|2l|20|l9|l8|l7|l6|l5|l4|l3|l2[ll|lo| g|s|-j|g|s|^|3|a| i|p 




XNOR 



output 
bit 



Figure 212. Maximum length 32-bit LFSR used for random bit generation 



29.5.4.2 Advance Dot Unit 

The advance dot unit is responsible for determining in a given cycle whether or not the error diffuse unit 
will accept a dot from the ink replacement unit or make a dot available to the fixative correct unit and on to 
the DWU. It therefore receives the dwu_dnc_ready control signal from the DWU, the iru_avail flag from 
the ink replacement unit, and generates dncjdwu_avail and edu_ready control flags. 

Only the dwu_dnc_ready signal needs to be checked to see if a dot can be accepted and asserts edu _seady 
to indicate this. If the error diffuse unit is ready to accept a dot and the ink replacement unit has a dot avail- 
able, then a advdot pulse is given to shift the dot into the pipeline in the diffuse unit. Note that since the 
error diffusion operates on 3 dots, the advance dot unit ignores dwu_dnc_ready initially until 3 dots have 
been accepted by the diffuse unit. Similarly dncjdwu_avail is not asserted until the diffuse unit contains 3 
dots and the ink replacement unit has a dot available. 
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29.5.4.3 Diffuse Unit 

The diffuse unit contains the combinatorial logic to implement the truth table from Table 147. The diffuse 
unit receives a dot consisting of 6 color planes (I bit per plane) as well as an associated 6-bit dead nozzle 
mask value. 

Error diffusion is applied to all 6 planes of the dot in parallel. Since error diffusion operates on 3 dots, the 
diffuse unit has a pipeline of 3 dots and their corresponding dead nozzle mask values. The first dot 
received is referred to as dot A, and the second as dot B, and the third as dot C. Dots are shifted along the 
pipeline whenever advdot is 1. A count is also kept of the number of dots received It is incremented when- 
ever advdot is 1, and wraps to 0 when it reaches maxjdot. When the dot count is 0 dot C corresponds to the 
first dot in a line. When the dot count is 1 dot A corresponds to the last dot in a line. 

In any given set of 3 dots only dot B can be defined as containing a dead nozzle(s). Dead nozzles are iden- 
tified by bits set in iru_dn_mask. If dot B contains a dead nozzle(s), the corresponding bit(s) in dot A, dot 
Q the dead nozzle mask value for A, the dead nozzle mask value for C, the dot count, as well as the ran- 
dom bit value are input to the truth table logic and the dots A, B and C assigned accordingly. If dot B does 
not contain a dead nozzle then the dots are shifted along the pipeline unchanged. 

29.5.5 Fixative Correction Unit 

The fixative correction unit consists of combinatorial logic to implement fixative correction as defined in 
Table 151. For each output dot the DNC determines if fixative is required for the new compensated dot 
data word and whether fixative is activated already for that dot. 

Fixative Present =» ( (FixativeMaskl | FixativeMask2 > & edu_data> != 0 
FixativeRequired » (FixativeRequiredMask & edu_data) 1= 0 

It then looks up the truth table to see what action, if any, needs to be taken. 



Table 1 51 . Truth table for fixative correction 





1 


Ifiti 








1 


1 


Output dot as Is. 


dnc_dwu_data = edu.data 




0 


Clear fixative plane. 


dnc_dwu_data = (edu_data) & -(FixativeMaskl | Rxa«veMa8k2) 


0 


1 


Attempt to add fixa- 
tive. 


if (FixativeMaskl & DnMask) 1= 0 

dnc_dwu_data = (edu_data) j (Fixative Mask2 & -DnMask) 
else 

dnc_dwu_data = (edu.data) | (FixativeMaskl) 


0 


0 


Output dot as fa. 


dnc_dwu_data = edu.data 



When attempting to add fixative the DNC first tries to add.it into the plane defined by FixativeMaskl. 
However, if this plane is dead then it tries to add fixative by placing it into the plane defined by 
FixativeMask2, Note that if both FixativeMaskl and FixativeMaskl are both all Os then the dot data will 
not be changed. 
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30 Dotline Writer Unit (DWU) 

30.1 Overview 

The Dotline Writer Unit (DWU) receives 1 dot (6 bits) of color information per cycle from the DNC. Dot 
data received is bundled into 256-bit words and transferred to the DRAM. The DWU (in conjunction with 
the LLU) implements a dot line FIFO mechanism to compensate for the physical placement of nozzles in a 
printhead, and provides data rate smoothing to allow for local complexities in the dot data generate pipe- 
line. 



ORAM 
via OfU 









d 








dot data ^ 




dot data 




dot data ^ 


DNC 


DWU 












control 













Figure 213. High level data flow diagram of DWU In context 



30.2 Physical requirement imposed by the printhead 

The physical placement of nozzles in the printhead means that in one firing sequence of all nozzles, dots 
will be produced over several print lines. The printhead consists of 1 2 rows of nozzles, one for each color 
of odd and even dots. Odd and even nozzles are separated by D 2 print lines and nozzles of different colors 
are separated by D x print lines. See Figure 214 for reference. The first color to be printed is the first row of 
nozzles encountered by the incoming paper. In the example this is color 0 odd, although is dependent on 
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the pririthead type (see Section 35 Memjet Printhead for other printhead arrangments). Paper passes under 
printhead moving downwards. 



Type 0 printhead IC 

Color 5 Even — 
Color 5 Odd — 
Color 4 Even — 
Color 4 Odd — 
Color 3 Even — 
Color 3 Odd — 
Color 2 Even — 
Color 2 Odd — 
■ Color 1 Even — 
Colorl Odd — 
Color 0 Even — 
Color 0 Odd — 




© O © © © — 

O €> © © O ©- 
© Q © 0 — 



<§> O O © @ 
© © <2> <D @ © 

QQQOOOOO 




© e 

000000000 
O Q Q O O Q Q 



000000000 
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000 0'0000i 

1 3 5 7 9 II 13 IS 1. 

000000000 



QOQQOQO 
[000000000 
^00000000- 

^1_B 20 22 24 26 29 30 32 34 



O00 

19 21 23 25 
0 0 0 0 



<P © 0 © ©- 

27 29 31 33 35 



Type 1 printhead IC 

J J 80 jim 



-Shift register Order 




J ;02= Slinea 



Dt= 5 Knes 



Paper Direction 



Note: Paper passes under printnead 

Figure 214. Printhead Nozzle Layout for conceptual 36 Nozzle bi-IUhic printhead 

For example if the physical separation of each half row is 80um equating to Dj=D 2 =5 print lines at 
1600dpi. This means that in one firing sequence, color 0 odd nozzles will fire on dotline L, color 0 even 
nozzles wUl fire on dotline L-D|, color I odd nozzles will fire on dotline L-D r D 2 and so on over 6 color 
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planes odd and even nozzles. The total number of lines fired over is given as 0+5+5 +5= 0 + 1 1x5 ~55. 

See Figure 215 for example diagram. 
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Paper Flow 

Figure 215. Paper and printhead nozzles relationship (example with D 1 =D 2 =5) 

It is expected that the physical spacing of the printhead nozzles will be 80um (or 5 dot lines), although 
there is no dependency on nozzle spacing. The DWU is configurable to allow other line nozzle spacings. 

Table 1 52. Relationship between Nozzle color/sense and line firing 





sense 


line 


sen se 


line 


Color 0 


even 


L " 


even 


L-5 


odd 


L-5 j 


odd | 


L 


Color 1 


even 


L-10 


even 


L-15 


odd 


L-15 


odd 


L-10 


Color 2 


even 


L-20 


even 


L-25 


odd 


L-25 


odd 


L-20 


Color3 


even 


L-30 


even 


L-35 


odd 


L-35 


odd 


L-30 


Color 4 


even 


L-40 


even 


L-45 


odd 


L-45 


odd 


L-40 


Color 5 


even 


L-50 


even 


L-55 


odd 


L-55 


odd 


L-50 



30.3 Line rate de-coupling 

The DWU block is required to compensate for the physical spacing between lines of nozzles. It does this 
by storing dot lines in a FIFO (in DRAM) until such time as they are required by the LLU for dot data 
transfer to the printhead interface. Colors are stored separately because they are needed at different times 
by the LLU. The dot line store must store enough lines to compensate for the physical line separation of 
the printhead but can optionally store more lines to allow system level data rate variation between the read 
(printhead feed) and write sides (dot data generation pipeline) of the FIFOs. 
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LLU 

Read 

Side 



A logical representation of the FIFOs is shown in Figure 2 1 6, where N is defined as the optional number of 
extra half lines in the dot line store for data rate de-coupling. 
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Figure 216. Dot line store logical representation 



30.4 Dot line store storage requirements 

For an arbitrary page width of d dots (where d is even), the number of dots per half line is d/2. 

For interline spacing of D 2 and inter-color spacing of D,, with C colors of odd and even half lines, the 
number of half line storage is (C - I) (D 2 +Dj) + Dl . 

For N extra half line stores for each color odd and even, the storage is given by (N • C * 2). 
The total storage requirement is ((C - 1) (D 2 +Di) + Dl + (N * C ♦ 2)) * d/2 in bits. 
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Note that when determining the storage requirements for the dot line store, the number of dots per line is 
the page width and not necessarily the printhead width. The page width is often the dot margin number of 
dots less than the printhead width. They can be the same size for full bleed printing. 

For example in an A4 page a line consists of 13824 dots at 1600 dpi, or 6912 dots per half dot line. To 
store just enough dot lines to account for an inter-line nozzle spacing of 5 dot lines it would take 55 half 
dot lines for color 5 odd, 50 dot lines for color 5 even and so on, giving 55+50+45... 10+5+0= 330 half dot 
lines in total. If it is assumed that N=4 then the storage required to store 4 extra half lines per color is 4 x 
12=48, in total giving 330+48=378 half dot lines. Each half dot line is 6912 dots, at 1 bit per dot give a 
total storage requirement of 6912 dots x 378 half dot lines / 8 bits = Approx 319 Kbytes. Similarly for an 
A3 size page with 19488 dots per line, 9744 dots per half line x 378 half dot lines / 8 = Approx 899 
Kbytes. 



Table 153. Storage requirement for dot line store 

















A4 




4 


264 


223 


312 


263 






5 


330 


278 


378 


319 


A3 




4 


264 


628 


312 


742 






5 


330 


785 


378 


899 



The potential size of the dot line store makes it unfeasible to be implemented in on-chip SRAM, requiring 
the dot line store to be implemented in embedded DRAM. This allows a configurable dotline store where 
unused storage can be redistributed for use by other parts of the system. 



30.5 Local buffering 

An embedded DRAM is expected to be of the order of 256 bits wide, which results in 27 words per half 
line of an A4 page, and 54 words per half line of A3. This requires 27 words x 12 half colors (6 colors odd 
and even) ° 324 x 256-bit DRAM accesses over a dotline print time, equating to 6 bits per cycle (equal to 
DNC generate rate of 6 bits per cycle). Each half color is required to be double buffered, while filling one 
buffer the other buffer is being written to DRAM. This results in 256 bits x 2 buffers x 12 half colors i.e. 
6144 bits in total. 

The buffer requirement can be reduced, by using 1 .5 buffering, where the DWU is filling 128 bits while the 
remaining 256 bits are being written to DRAM. While this reduces the required buffering locally it 
increases the peak bandwidth requirement to the DRAM. With 2x buffering the average and peak DRAM 
bandwidth requirement is the same and is 6 bits per cycle, alternatively with 1.5x buffering the average 
DRAM bandwidth requirement is 6 bits per cycle but the peak bandwidth requirement is 1 2 bits per cycle. 
The amount of buffering used will depend on the DRAM bandwidth available to the DWU unit. 
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xl.5 Buffering 



x2 Buffering 
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256 bits full, DRAM request issued 



Variable cydes later DRAM request granted 
256 bits transferred 
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Figure 217. Comparison of 1.5x v 2x buffering 



write pt 



read pt 



Should the DWU fail to get the required DRAM access within the specified time, the DWU will stall the 
DNC data generation. The DWU will issue the stall in sufficient time for the DNC to respond and still not 
cause a FIFO overrun. Should the stall persist for a sufficiently long time, the PHI will be starved of data 
and be unable to deliver data to the printhead in time. The sizing of the dotline store FIFO and internal 
FIFOs should be chosen so as to prevent such a stall happening. 



30.6 Dotline data in memory 



The dot data shift register order in the printhead is shown in Figure 214 (the transmit order is the opposite 
of the shift register order). In the example the type 0 printhead IC transmit order is increasing even color 
data followed by decreasing odd color data. The type 1 printhead IC transmit order is decreasing odd color 
data followed by increasing even color data. For both printhead ICs the even data is always increasing 
order and odd data is always decreasing. The PHI controls which printhead IC data gets shifted to. 

From this it is beneficial to store even data in increasing order in DRAM and odd data in decreasing order. 
While this order suits the example printhead, other printheads exist where it would be beneficial to store 
even data in decreasing order, and odd data in increasing order, hence the order is configurable. The order 
that data is stored in memory is controlled by setting the Color LineSense register. 
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The dot order in DRAM for increasing and decreasing sense is shown in Figure 218 and Figure 219 
respectively. For each line in the dot store the order is the same (although for odd lines the numbering will 
be different the order will remain the same). Dot data from the DNC is always received in increasing dot 
number order. For increasing sense dot data is bundled into 256-bit words and written in increasing order 
in DRAM, word 0 first, then word 1 , and so on to word N, where N is the number of words in a line. 

For decreasing sense dot data is also bundled into 256-bit words, but is written to DRAM in decreasing 
order, i.e. word N is written first then word N-l and so on to word 0. For both increasing and decreasing 
sense the data is aligned to bit 0 of a word, i.e. increasing sense always starts at bit 0, decreasing sense 
always finishes at bit 0. 



Even Dot Storage in DRAM (Increasing Sense) 
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Figure 218. Even dot order in DRAM (Increasing Sense, 13320 dot wide line) 



Even Dot Storage In ORAM (Decreasing Sense) 
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Figure 219. Even dot order in DRAM (Decreasing Sense, 13320 dot wide line) 



Each half color is configured independently of any other color. The ColorBaseAdr register specifies the 
position where data for a particular dotline FIFO will begin writing to. Note that for increasing sense col- 
ors the ColorBaseAdr register specifies the address of the first word of first line of the fifo, whereas for 
decreasing sense colors the ColorBaseAdr register specifies the address of last word of the first line of the 
FIFO. 

Dot data received from the DNC is bundled in 256-bit words and transferred to the DRAM. Each line of 
data is stored consecutively in DRAM, with each line separated by ColorLinelnc number of words. 

For each line stored in DRAM the DWU increments the line count and calculates the DRAM address for 
the next line to store. 
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This process continues until ColorFifoSize number of lines are stored, after which the DRAM address with 
wrap back to the ColorBaseAdr address. 



Increasing Sense Colors Decreasing Sense Colors 
DRAM DRAM 




Figure 220. Dotline FIFO data structure in DRAM 



As each line is written to the FIFO, the DWU increments the FifoFiULevei register, and as the LLU reads a 
line from the FIFO the FifoFiULevei register is decremented The LLU indicates that it has completed 
reading a line by a high pulse on the llu_dwu_line_rd line. 

When the number of lines stored in the FIFO is equal to the MaxWriteAhead value the DWU will indicate 
to the DNC that it is no longer able to receive data (i.e. a stall) by deasserting the dwujdnc_ready signal. 

The ColorEnable register determines which color planes should be processed, if a plane is turned off, data 
is ignored for that plane and no DRAM accesses for that plane are generated. 
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30.7 Implementation 

30.7.1 Definitions of I/O 



Table 154. DWU I/O Definition 







mm 




Clocks and Resets 


pctk 


1 


In 


System Clock 


prst_n 


1 


In 


System reset, synchronous active low 


ONC Interface 


dwu_dnc_ready 


1 


Out 


Indicates that DWU Is ready to accept data from the DNC. 


dnc_dwu_avail 


1 


In 


Indicates valid data present on dnc_jdwu_data. 


dnc_dwu_data(5:0] 


6 


In 


Input bMevel dot data in 6 ink planes. 


LLU Interface 


dwujlujlne_wr 


1 


Out 


DWU line write. Indicates that the DWU has completed a full 
fine write. Active high 


llfu_dwujfne_rd 


1 


In 


LLU line read. Indicates that the LLU has completed a line 
read. Active high. 


LLU and DWU common configuration 


dwu_flu_cfifosize[1 1 :0][7:0] 


12x8 


Out 


Indicates the number of lines in the FIFO before the line 

increment will wrap around in memory. 

Bus 0, 1 - Even, Odd line color 0 

Bus 2,3 - Even, Odd line color 1 

Bus 4,5 - Even, Odd line color 2 

Bus 6,7 - Even, Odd line color 3 

Bus 8,9 - Even, Odd line color 4 

Bus 10,1 1 - Even, Odd line color 5 


PCU Interface 


pcu_dwu_ael 


1 


In 


Block select from the PCU. When pcujdwu^set is high both 
pcu_adr and pcu_dataout are valid. 


pcu_rwn 


1 


In 


Common read/not-write signal from the PCU. 


pcu_adr[7:2] 


6 


In 


PCU address bus. Only 6 bits are required to decode the 
address space for this block. 


pcu_dataoutf31:0} 


32 


In 


Shared write data bus from the PCU. 


dwu_pcu_rdy 


1 


Out 


Ready signal to the PCU. When dmt_pcu_rdy Is high It Indi- 
cates the last cycle of the access. For a write cycle this 
means pcu_dataout has been registered by the block and 
for a read cycle this means the data on dwu_pcu data is 
valid. 


dwu_pcu_data[31 :0] 


32 


Out 


Read data bus to the PCU. 


DJU Interface 


dwu_dlu_wreq 


1 


Out 


DWU requests DRAM write. A write request must be accom- 
panied by a valid write address together with valid write data 
and a write valid. 


dwu_diu_wadrf21 :5) 


17 


Out 


Write address to OIU 

17 bits wide (256-blt aligned word) 


dlu_dwu_wack 


1 


In 


Acknowledge from DIU that write request has been 
accepted and new write address can be placed on 
dwu_diu_wadr 
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Table 154. OWU I/O Definition 







dwu_diu_data[63:0] 


64 


Out 


Data from DWU to DIU. 256-bit word transfer over 4 cycles 
Rrst 64-bits is bits 63:0 of 256 bit word 
Second 64-bits is bits 1 27:64 of 256 bit word 
Third 64-bits is bits 191 :1 28 of 256 bit word 
Fourth 64-bits is Wts 255:1 92 of 256 bit word 


dwu_diu_wvaJid 


1 


Out 


Signal from OWU indicating that data on envy diu data is 
valid. 
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30.7,2 DWU partition 



DNC 



T T T 



DRAM Interface Unit 
— * * A * 



Buffer 

address 

generator 



/16 





-7*- 


-> 


wr_dot_data 




wr^en 




-> 

-> 



wradr 



42. 



X12 



DIU 
Buffer 

8 words 
x64btts 



rd adr 



J2£ 



rd_data 



Hno_fln 



17 



/'64 



DIU 

interface 



A 8 



it cotorjlnejnc 



cotor_enabte 



Configuration 
registers 



' A A 



15 



^32 

> 



t T 



o 



max write ahead *t> 



ffljtevgj 



dwu_go_putse - 
dwu_dnc_ready^ 



Dot Writer Unit 



PEP Controller Unit 



FIFO fill 
tevel 



LLU 



Figure 221. DWU partition 



30.7.3 Configuration registers 

The configuration registers in the DWU are programmed via the PCU interface. Refer to section 21 .8.2 on 
page 257 for a description of the protocol and timing diagrams for reading and writing registers in the 
DWU. Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register 
reads and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for 
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the DWU. When reading a register that is less than 32 bits wide zeros should be returned on the upper 
unused bit(s) of dwu_pcu_data. Table 1 55 lists the configuration registers in the DWU. 



Table 155. DWU registers description 







WM 






Control Registers 


0x00 


Reset 


1 


0x1 


Active low synchronous reset, self de-activating. A 
write to this register will cause a DWU block reset. 


0x04 


Go 


1 


0x0 


Active high bit indicating the DWU Is programmed 
and ready to use. A low to high transition will cause 
DWU block internal states to reset (configuration 
registers are not reset). 


Dot Line Store Configuration 


0x08 - 0x36 


ColorBaseAdr[1 1 :0) 


12x17 


0x00000 


Specifies the base address (In words) in memory 
where data from a particular half color (N) will be 
placed. 


0x3C - 0x6C 


ColorRfoSlze[11:0J 


12x8 


0x00 


Indicates the number of lines In the FIFO before 
the line increment will wrap around in memory. 
Bus 0,1 - Even, Odd line color 0 
Bus 2,3 - Even, Odd line color 1 
Bus 4,5 - Even, Odd line color 2_ 
Bus 6,7 - Even, Odd line color 3 
Bus 8,9 - Even, Odd line color 4 
Bus 10.11 - Even, Odd line color 5 


0x70 


ColotUneSense 


2 


0x2 


Specifies whether data written to DRAM for this 
half color is increasing or decreasing sense 

0 - Decreasing sense 

1 - Increasing sense 

Bit 0 Defines even color sense, 
Bit 1 Defines odd color sense. 


0x74 


ColorEnaWe 


6 


0x3F 


Indicates whether a particular color is active or not. 
When Inactive no data is written to DRAM for that 
color. 

0 - Color off 

1 - Color on 

One bit per color, bit 0 is Color 0 and so on. 


0x78 


MaxWriteAhead 


8 


0x00 


Specifies the maximum number of lines thai the 
DWU can be ahead of the LLU 


0x7C 


UneSize 


16 


0x0000 


Indicates the number of dots per tine. 


Working Registers 


0x80 


LineDotCnt 


16 


0x0000 


Indicates the number of remaining dots in the cur- 
rent line. (Read Only) 


0x84 


RfoRHLevel 


8 


0x00 


Number of tinea in the RFO, written to but not 
read. (Read Only) 



A low to high transition of the Go register causes the internal states of the DWU to be reset. All configura- 
tion registers will remain the same. The block indicates the transition to other blocks via the dwu_go _pulse 
signal. 



The ColorLinelnc bus specifies the number of addresses (in 256-bit words) between successive half lines 
in the dot line store. It is derived from the LineSue register by rounding up the nearest 256-bit value. The 
same value used for all half colors, 
if Uine_si2eL7 :0} !=0 ) then 

color_l±ne_inc(7 :01 « line_sizo [15 : 8] + 1 
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else 

color_line_inc[7 :0] = line_size(15 : 8) ; 



30.7.4 Fifo fill level 

The DWU keeps a running total of the number of lines in the dot store FIFO. Each time the DWU writes a 
line to DRAM (determined by the DIU interface subblock and signalled via line_wr) it increments the 
filllevel and signals the line increment to the LLU (pulse on dwujlujinejwr). Conversely if it receives an 
active llu_dwu_line_rd pulse from the LLU, the filllevel is decremented. If the filllevel increases to the pro- 
grammed max level (maxjwrite_ahead) then the DWU stalls and indicates back to the DNC by de-assert- 
ing the dwu_dnc_ready signal. 

If one or more of the DIU buffers fill, the DIU interface signals the fill level logic via the bufjull signal 
which in turn causes the DWU to de-assert the dwu_dncjready signal to stall the DNC. The bufjull sig- 
nals will remain active until the DIU services a pending request from the full buffer, reducing the buffer 
level. 

The DWU does not increment the fill level until a complete line of dot data is in DRAM not just a com- 
plete line received from the DNC. This ensures that the LLU cannot start reading a partial line from 
DRAM.before the DWU has finished writing the line. 

The fill level is reset to zero each time a new page is started, on receiving a pulse via the dwu_go _pulse 
signal. 

The line fifo fill level can be read by the CPU via the PCU at any time by accessing the FifoFillLevel regis- 
ter. 
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30.7.5 Buffer address generator 
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Figure 222. Buffer address generator sub-block 
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wr_dot_data 



30, 7.5. f Buffer address generator description 

The buffer address generator subblock is responsible for accepting data from the DNC and writing it to the 
DIU buffers in the correct order. 

The buffer address and active bit-write for a particular dot data write is calculated by the buffer address 
generator based on the dot count of the current line, programmed sense of the color and the line size. 

All configuration registers should be programmed while the Go bit is set to zero, once complete the block 
can be enabled by setting the Go bit to one. The transition from zero to one will cause the internal states to 
reset 

| If the color Jinejsense signal for a color is one (i.e. increasing) then the bit- write generation is straight 

forward as dot data is aligned with a 256-bit boundary. So for the first dot in that color, the bit 0 of the 
wrjbit bus will be active (in buffer word 0), for the second dot bit 1 is active and so on to the 255 th dot 
where bit 63 is active (in buffer word 3). This is repeated for all 256-bit words until the final word where 
only a partial number of bits are written before the word is transferred to DRAM. 

| If color Jtine^sense signal for a color is zero (i.e. decreasing) the bit-write generation for that color is 

adjusted by an offset calculated from the pre-programmed line length (Une_fize). The offset adjusts the bit 
write to allow the line to finish on a 256-bit boundary. For example if the line length was 400, for the first 
dot received bit 7 (line length is halved because of odd/even lines of color) of the wrjbit is active (buffer 
word 3), the second bit 6 (buffer word 3), to the 200 th dot of data with bit 0 of wrjbit active (buffer word 
0). 
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30.7.5.2 Bit-write decode 

The buffer address generator contains 2 instances of the bit-write decode, one configured for odd dot data 
the other for even. The counter (either up or down counter) used to generate the addresses is selected by 
the color Jinejsense signal. Each block determines if it is active on this cycle by comparing its configured 
type with the current dot count address and the datajactive signal. 

The wrjbit bus is a direct decoding of the lower 6 count bits {count [6: 1 J), and the DIU buffer address is 
the remaining higher bits of the counter {count [10:7 J). 

The signal generation is given as follows: 
// determine the counter to use 
if (color_line_sense == 1 ) 

count e up_cnt ( 10 : 0 ] 
else 

count = dn_cnt[10:0) 
// determine if active, based on instance type 

wr_en * data_active & (count [0] A odd_even_type) // odd =1, even *0 

// determine the bit write value 

wr_bit(63:0] * decode (count f6 : 1J) 

// determine the buffer 64-bit address 

wr_adr[3:0) a count [ 10:7 J 

30. 7. 5. 3 Up counter generator 

The up counter increments for each new dot and is used to deteraiine the write position of the dot in the 
DIU buffers for increasing sense data. At the end of each line of dot data (as indicated by linejin\ the 
counter is rounded up to the nearest 256-bit word boundary. This causes the DIU buffers to be flushed to 
DRAM including any partially filled 256-bit words. The counter is reset to zero if the dwu _go ^pulse is 
one. 



// Up-Counter Logic 

if (dwu_go_pulse == 1) then ( 

up_cnt [10 :0] « 0 
elsif (line_fin == 1 ) then 

// round up 

if (up_cnt[8:ll !« 0) 
up_cnt C10 : 9) >+ 

else 

up_cnttl0:9) 

// bit-selector 

up_cntl7;0)=D 

elsif ( (dnc_dwu_avail == 1) and (dwu_dnc_ready « 1 ) ) then 
up_cnt (7 : 0] +♦ 



30.7.5.4 Down counter generator 

The down counter logic decrements for each new dot and is used to determine the write position of the dot 
in the DUI buffers for decreasing sense data. When the dwu_go _jmlse bit is one the lower bits (i.e. 8 to 0) 
of the counter are reset to line size value (line^size), and the higher bits to zero. The bits used to determine 
the bit-write values and 64-bit word addresses in the DIU buffers begin at line size and count down to zero. 
The remaining higher bits are used to determine the DIU buffer 256-bit address and buffer fill level, begin 
at zero and count up. The counter is active when valid dot data is present, i.e. dnc_dwu_avail equals 1 . 

When the end of line is detected {line Jin equals 1) the counter is rounded to the next 256-bit word, and the 

lower bits are reset to the line size value. 

//Down-Counter Logic 

if (dwu_go_pulse == 1) then 
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dn_cnt[8:0] * line_size [8 : 0) 
dn_cnt(10:9) « 0 
elsif (line_£in == 1 ) then 
// perform rounding up 
if (dn_cnt[8:13 != 0) 

dn_cnt[10:9]++ 
else 

dn_cnt [10; 9] 
// bit-select is reset 

dn_cnt [8:0)»line_si2e[8:OJ // bit select bits 
elsif ( <dnc_dwu_«vail == 1) AND (dwu_dnc_ready == 1 ) ) then 
dn_cnt(8;0J — 
dn_cnt[10:9] 



30.7.5.5 Dot counter 

The dot counter simply counts each active dot received from the DNC. It sets the counter to linejsize and 
decrements each time a valid dot is received When the count equals zero the line Jin signal is pulsed and 
the counter is reset to line^ize. 

The counter is reset to line _?ize when dwu_go _j>ulse is 1 . 
30.7.6 D!U buffer 

The DIU buffer is a 64 bit x 8 word dual port register array with bit write capability. The buffer could be 
implemented with flip-flops should it prove more efficient 
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30.7.7 DIU interface 
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Figure 223. DIU Interface sub-block 



30. 7. 7. 1 DIU Interface general description 

The DIU interface determines when a buffer needs a data word to be transferred to DRAM. It generates the 
DRAM address based on the dot line position, the color base address and the other programmed parame- 
ters. A write request is made to DRAM and when acknowledged a 256-bit data word is transferred. The 
interface determines if further words need to be transferred and repeats the transfer process. 

If the FIFO in. DRAM has reached its maximum level, or one of the buffers has temporarily filled, the 
DWU will stall data generation from the DNC. 

A similar process is repeated for each line until the end of page is reached. At the end of a page the CPU is 
required to reset the internal state of the block before the next page can be printed. A low to high transition 
of the Go register will cause the internal block reset, which causes all registers in the block to reset with 
the exception of the configuration registers. The transition is indicated to subblocks by a pulse on 
dwu_go_j?ulse signal. 
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30.7.7.2 Interface controller 
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Figure 224. Interface controller state diagram 

The interface controller state machine waits in Idle state until an active request is indicated by the read 
pointer (via the req_octive signal). When an active request is received the machine proceeds to the Col- 
orSelect state to determine which buffers need a data transfer. In the ColorSelect state it cycles through 
each color and determines if the color is enabled (and consequently the buffer needs servicing), if enabled 
it jumps to the Request state, otherwise the color jcnt is incremented and the next color is checked. 

In the Request state the machine issues a write request to the DIU and waits in the Request state until the 
write request is acknowledged by the DIU (diu_dwu_wack). Once an acknowledge is received the state 
machine clocks through 4 cycles transferring 64-bit data words each cycle and incrementing the corre- 
sponding buffer read address. After transferring the data to the DIU the machine returns to the ColorSelect 
state to determine if further buffers need servicing. On the transition the controller indicates to the address 
generator (adrjupdate) to update the address for that selected color. 

If all colors are transferred (color jcnt equal to 6) the state machine returns to Idle, updating the last word 
flags (group Jin) and request logic (reqjupdate). 

The dwu_diu_wvalid signal is a delayed version of the buf_rd_en signal to allow for pipeline delays 
between data leaving the buffer and being clocked through to the DIU block. 

The state machine will return from any state to Idle if the reset or the dwu _go_pulse is 1 . 
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30.7.7.3 Address generator 



The address generator block maintains 12 pointers (color jadr[U:OJ) to DRAM corresponding to current 
write address in the dot line store for each half color When a DRAM transfer occurs the address pointer is 
used first and then updated for the next transfer for that color. The pointer used is selected by the req_jel 
bus, and the pointer update is initiated by the adrjupdate signal from the interface controller. 

The pointer update is dependent on the sense of the color of that pointer, the pointer position in a line and 
the line position in the FIFO. The programming of the color _base_adr needs to be adjusted depending of 
the sense of the colors. For increasing sense colors the colorjbasejzdr specifies the address of the first 
word of first line of the fifo, whereas for decreasing sense colors the color Jbasejadr specifies the address 
of last word of the first line of the FIFO. 

For increasing colors, the initialization value (i.e. when dwu_go_j>ulse is 1) is the color Jbase_adr. For 
each word that is written to DRAM the pointer in incremented. If the word is the last word in a line (as 
indicated by last_wd from that read pointers) the pointer is also incremented. If the word is the last word in 
a line, and the line is the last line in the FIFO (indicated by fifojend from the line counter) the pointer is 
reset to color_base_adr. 

In the case of decreasing sense colors, the initialization value (i.e. when dwu _go _pulse is 1) is the 
color_jbase_adr. For each line of decreasing sense color data the pointer starts at the line end and decre- 
ments to the line start. For each word that is written to DRAM the pointer is decremented. If the word is 
the last word in a line the pointer is incremented by color Jinejnc * 2 + 1. One line length to account for 
the line of data just written, and another line length for the next line to be written. If the word is the last 
word in a line, and the line is the last line in the FIFO the pointer is reset to the initialization value (i.e. 
color Jbasejadr), 

The address is calculated as follows: 

if (dwu_go_pulse =■ 1) then 

color_adr[ll:0] = color_base_adr [11 : 0] [21 : 5] 
elsif (adrjupdate «= 1) then { 

// determine the color 

color o req_sel (3 :0] 

// line end and fifo wrap 

if ( <fifo_end[color) «= 1) AND (last__wd =« 1)) then { 
// line end and fifo wrap 

color_adr [color] = color_base_adr [color] [21 : 5 ] 
) 

elsif t last_wd == 1) then { 

// just a line end no fifo wrap 

if (color_line_sense [color % 2] == 1) then // increasing sense 



color_adr [color] » color_adr [color] ♦ < color__line inc * 2) + 1 
> 

else { 

// regular word write 

if <color_line_sense [color % 2] 1) then // increasing 'sense 

co lor__adr [color] ♦+ 
else // decreasing sense 

co lor_adr [color] 



color_adr [color] 



else 



// decreasing sense 



) 



// select the correct address, for this transfer 
dwu_diu_wadr = color_adr [req_sel] 
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30.7.7.4 Line count 

The line counter logic counts the number of dot data lines stored in DRAM for each color. A separate 
pointer is maintained for each color. A line pointer is updated each time the final word of a line is trans- 
ferred to DRAM. This is determined by a combination of adr_update and lastjwd signals. The pointer to 
update is indicated by the reqjsel bus. 

When an update occurs to a pointer it is compared to zero, if it is non-zero the count is decremented, oth- 
erwise the counter is reset to color Jifojsize. If a counter is zero the fifo_end signals is set high to indicates 
to the address generator block that the line is the last line of this colors fifo. 

If the dwu_go_pulse signal is one the counters are reset to color Jifo _jize. 

if (dwu_go_pul.se «* 1) then 

line_cnt [11 :0] » color_fifo_si2e(ll:0) 
. elsif ( {adr_update == 1) AND (last_wd == 1)) then { 
// determine the pointer to operate on 
color = re<__sel(3;01 
// update the pointer 
if (line_cnt(colorJ =o 0) then 

line_cnt (color] = color_f ifo_sizelcolorl 
else 

line_cnt[i] 

) 

// count is tero its the last line of fifo 
for<i=0 ji <12}i++) { 

fifo_end[iJ = <line_cnt[i] == 0) 

) 

30.7.7.5 Read Pointer 

The read pointer logic maintains the buffer read address pointers. The read pointer is used to determine 
which 64-bit words to read from the buffer for transfer to DRAM. 

The read pointer logic compares the read and write pointers of each DIU buffer to determine which buffers 
require data to be transferred to DRAM (pendfJJ;OJ bus), and which buffers are full (the bufjull signal). 
Only enabled buffers are considered as indicated by the colorjenable bus. 

Buffers are grouped into odd and even buffers groups. If an odd buffer requires DRAM access the 
oddjpend signals will be active, if an even buffer requires DRAM access the even _pend signals will be 
active. If both odd and even buffers require DRAM access, the even buffers will get serviced first 

If any buffer requires a DRAM transfer, the logic will indicate to the interface controller via the req_active 
signal, with the odd_even_ J sel signal determining which group of buffers get serviced. The interface con- 
troller will check the color_enable signal and issue DRAM transfers for all enabled colors in a group. 
When the transfers are complete it tells the read pointer logic to update the requests pending via 
reqjupdate signal. 

The reqjsel[3:0] signal tells the address generator which buffer is being serviced, it is constructed from 
the odd_even_fiel signal and the color jcnt [2:0] bus from the interface controller. When data is being trans- 
ferred to DRAM the word pointer and read pointer for the corresponding buffer are updated. The req_?el 
determines which pointer should be incremented. 
// determine which buffers need updates 
for( i=0; i<12; i*+> { 

// determine if request is active, filtered by color enable 

if ( wr_adr(i] {3 :2J rd_adr{i] (3 :2] ) 
pend(i) = color_enable[ i / 2] 

else 

pend(i] = 0 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 481 



SoPEC : Hardware Design 



// determine if any enabled buffer is full 

if {(wr_adr[i) [3:0] - rd_adr { i) [3 : 0] ) > 7) AND (color_enable[ i / 21 then 
buf_full ^ l 

) 

// Odd half colors (1,3,5,7,9,11), even half colors (0,2,4,6,8,10) 
. odd^pend = ( pend[l] | pend[3) | pend[5) | pend[7] | pend{9] j pend[ll) > 
even^pend = ( pendlO) | pend[2] j pend[4] j pend[6) j pend(8] j pendllO] ) 
// fixed servicing order, only update when controller dictates so 
if (req_update == 1) then { 

if (even^pend 1) then // even always first 

odd_even_sel = 0 
req_active = 1 
els if (odd_pend « 1 ) then // then check odd 

odd_e ven_s el » 0 
req_active * 1 
else // nothing active 

odd_even_sel = 0 
req_active = 0 

) 

// selected requestor 

requsel[3:0) * (color_cnt [2 :0) , odd_even_sel } // concatentation 

The read address pointer logic consists of 12 2-bit counters and a word select pointer. The pointers are 
reset when dwu_%o_pulse is one. The word pointer {word _ptr) is common to all buffers and is used to read 
out the 64-bit words from the DIU buffer. It is incremented when buf_rdjen is active. If the word_j?tr is 3 
and the buf_rd_en is active the selected read pointer {rd_ptr[req_jelj) will be incremented A concatena- 
tion of the read pointer and the word pointer are use to construct the buffer read address. The read pointers 
are not reset at the end of each line. 
// determine which pointer to update 
if {dwu_go_j>ulse — 1) then 

rd_ptr(ll:OJ - 0 

word^ptr « 0 

els if (buf_rd_en == 1) then { 

word_ptr++ 

if (word__ptr == 3 ) then 
rdLptr [ req_sel ) 

) 

// create the address from the pointer, and word reader 
rd_adr(req_sel] = {rd_ptr (req_sel] , word_ptr) // concatenation 

The read pointer block determines if the word being read from the DIU buffers is the last word of a line. 
The buffer address generator indicate the last dot is being written into the buffers via the line Jin signal. 
When received the logic marks the 256-bit word in the buffers as the last word. When the last word is read 
from the DIU buffer and transferred to DRAM, the flag for that word is reflected to the address generator. 
// line end set the flags 
if (dwu_go_pulse == 1) then 

last_flag[l:0](l:0J - 0 
elsif (line_fin == 1 ) then 

//'determines the current 256-bit word even been written to 

last_flag[0} [wr_adr(0] {2J] =1 // even group flag 

// determines the current 256-bit word odd been written to 

last_flag(l] [wr_adr(l] C2]] =1 // odd group flag 
// last word reflection to address generator 
last_wd = last_flag(odd_even_sel) [rd^ptr [requsel J (0] ] 
// clear the flag 
if <group_fin »= 1 ) then 

last_flag(odd_even_eel] [rd_ptr [rea_8el] [0] ] o 0 

When a complete line has been written into the DIU buffers (but has not yet been transferred to DRAM), 
the buffer address generator block will pulse the line Jin signal. The DWU must wait until all enabled 
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buffers are transferred to DRAM before signaling the LLU that a complete line is available in the dot line 
store (dwujlujine_wr signal). When the line Jin is received ail buffers will require transfer to DRAM. 
Due to the arbitration, the even group will get serviced first then the odd. As a result the line finish pulse to 
the LLU is generated from the last Jlag of the odd group. 

// must be odd, odd group transfer complete and the last word 
dwu_ 1 1 u_l i ne_wr = odd_even_sal AND group_fin AND last_wd 
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31 Line Loader Unit (LLU) 

31.1 Overview 

The Line Loader Unit (LLU) reads dot data from the line buffers in DRAM and structures the data into 
even and odd dot channels destined for the same print time. The blocks of dot data are transferred to the 
PHI and then to the printhead. Figure 225 shows a high level data flow diagram of the LLU in context. 



owu 



dot data 



ORAM 
via Dili 



dot data 



dot data 



LLU 



PHI 



control 



Figure 225. High level data flow diagram of LLU In context 



31.2 Physical requirement imposed by the printhead . 

The DWU re-orders dot data into 12 separate dot data line FIFOs in the DRAM. Each FIFO corresponds to 
6 colors of odd and even data. The LLU reads the dot data line FIFOs and sends the data to the printhead 
interface. The LLU decides when data should be read from the dot data line FIFOs to correspond with the 
time that the particular nozzle on the printhead is passing the current line. The interaction of the DWU and 
LLU with the dot line FIFOs compensates for the physical spread of nozzles firing over several lines at 
once. For further explanation see Section 30 Dotline Writer Unit (DWU) and Section 32 PrintHead Inter- 
face (PHI). Figure 226 shows the physical relationship of nozzle tows and the line time the LLU starts 
reading from the dot line store. 
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Figure 226. Paper and printhead nozzles relationship (example with D 1 sD 2 -5) 
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Within each line of dot data the LLU is required to generate an even and odd dot data stream to the PHI 
block. Figure 227 shows the even and dot streams as they would map to an example bi-lithic printhead. 
The PHI block determines which stream should be directed to which printhead IC. 
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Note: Paper passing under printhead 
Figure 227. Printhead structure and dot generate order 



31 .3 Dot generate and transmit order 

The structure of the printhead ICs dictate the dot transmit order to each printhead IC. The LLU reads data 
from the dot line FIFO, generates an even and odd dot stream which is then re-ordered (in the PHI) into the 
transmit order for transfer to the printhead. 

The DWU separates dot data into even and odd half lines for each color and stores them in DRAM. It can 
store odd or even dot data in increasing or decreasing order in DRAM. The order is programmable but for 
descriptive purposes assume even in increasing order and odd in decreasing order. The dot order structure 
in DRAM is shown in Figure 219. 

The LLU contains 2 dot generator units. Each dot generator reads dot data from DRAM and generates a 
stream of odd or even dots. The dot order may be increasing or decreasing depending on how the DWU 
was programmed to write data to DRAM. An example of the even and odd dot data streams to DRAM is 
shown in Figure 228. In the example the odd dot generator is configured to produce odd dot data in 
decreasing order and the even dot generator produces dot data in increasing order. 

The PHI block accepts the even and odd dot data streams and reconstructs the streams into transmit order 
to the printhead. 

The LLU line size refers to the page width in dots and not necessarily the printhead width. The page width 
is often the dot margin number of dots less than the printhead width. They can be the same size for full 
bleed printing. 
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Generate dot order (to the PHI) 



Odd Dot stream 



Even Dot stream 



Transmit dot order(to the printhead) 
Printhead Channel A | 
Printhead Channel B 
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Even dots from Line Y 
Odd dots from Line Y-5 



Example: Une with 13824 dots, with 7:3 printhead 
Figure 228. Dot data generated and transmitted order 



31.4 LLU START-UP 

At the start of a page the LLU must wait for the dot line store in DRAM to fill to a configured level (given 
by FifoReadThreshold) before starting to read dot data. Once the LLU starts processing dot data for a page 
it must continue until the end of a page, the DWU (and other PEP blocks in the pipeline) must ensure there 
is always data in the dot line store for the LLU to read, otherwise the LLU will stall, causing the PHI to 
stall and potentially generate a print error. The FifoReadThreshold should be chosen to allow for data rate 
mismatches between the DWU write side and the LLU read side of the dot line FIFO. The LLU will not 
generate any dot data until FifoReadThreshold level in the dot line FIFO is reached. 

Once the FifoReadThreshold is reached the LLU begins page processing, the FifoReadThreshold is 
ignored from then on. 

When the LLU begins page processing it produces dot data for all colors (although some dot data color 
may be null data). The LLU compares the line count of the current page, when the line count exceeds the 
ColorRelLine configured value for a particular color the LLU will start reading from that colors FIFO in 
DRAM. For colors that have not exceeded the ColorRelLine value the LLU will generate null data (zero 
data) and not read from DRAM for that color. ColorRelLine [N] specifies the number of lines separating 
the N* half color and the first half color to print on that page. 

For the example printhead shown in Figure 226, color 0 odd will start at line 0, the remaining colors will 
all have null data. Color 0 odd will continue with real data until line 5, when color 0 odd and even will 
contain real data the remaining colors will contain null data. At line 10, color 0 odd and even and color 1 
odd will contain real data, with remaining colors containing null data. Every 5 lines a new half color will 
contain real data and the remaining half colors null data until line 55, when all colors will contain real 
data. In the example ColorRelLine [0] -5, ColorRelLine [1] =0, ColorRelLine [2] =15, ColorRelLine [3} 
=10 .. etc. 
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I u is Possible to turn off any one of the color planes of data (via the Color Enable register), in such cases the 

LLU will generate zeroed dot data information to the PHI as normal but will not read data from the 
DRAM. 

31.4.1 LLU bandwidth requirements 

The LLU is required to generate data for feeding to the printhead interface, the rate required is dependent 
on the printhead construction and on the line rate configured. The maximum data rate the LLU can pro- 
duce is 12 bits of dot data per cycle, but the PHI consumes at 12 bits per phiclk cycle (2/3 pclk rate), i.e. 8 
bits per pclk cycle. Therefore the DRAM bandwidth requirement for a double buffered LLU is 8 bits per 
cycle on average. If 1.5 buffering is used then the peak bandwidth requirement is doubled to 16 bits per 
cycle but the average remains at 8 bits per cycle. Note that while the LLU and PHI could produce data at 
the 8 bits per cycle rate, the DWU can only produce data at 6 bits per cycle rate. 
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31 .5 Implementation 



31.5.1 LLU partition 
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Figure 229. LLU partition 



31.5.2 Definitions of I/O 



Table 156. LLU I/O definition 
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System clock 
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System reset, synchronous active low 


PHI Interface 
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Table 156. LLU I/O definition 







US 




Hu_phOtata[1:0][5:0J 


2x6 


Out 


Dot Data from LLU to the PHI , each bit is a color plane 5 downto 0. 
Bus 0 - Even dot data stream 
Bus 1 - Odd dot data stream 

Data Is active when corresponding bit Is active In Uu_phi_avail bus 


phijlu.readyfl :0] 


2 


In 


Indicates that PHI is ready to accept data from the LLU 

0 - Even dot data stream 

1 • Odd dot data stream 


lhij)hravail[1:0] 


2 


Out 


Indicates valid data present on corresponding Uu_phl_data. 

0 - Even dot data stream 

1 - Odd dot data stream 


DIU Interface 


llu_diu_rreq 


1 


Out 


LLU requests ORAM read. A read request must be accompanied 
by a valid read address. 


tlu_diu_radr{21 :5] 


17 


Out 


Read address to DIU 

17 bJts wide (256-bit aligned word). 


dlu_llu_rack 


1 


In 


Acknowledge from DIU that read request has been accepted and 
new read address can be placed on flu_diu_mdr 


diu_data|63;0I 


64 


In 


Data from DIU to LLU. Each access is 256-bits received over 4 
ctock cydes 

First 64-brts is bits 63:0 Of 256 bit word 
Second 64-bits is bits 1 27:64 of 256 bit word 
Third 64-bits is bits 1 91 : 1 28 of 256 bit word 
Fourth 64-bits is bits 255:1 92 of 256 bit word 


diu_llu_rvalid 




In 


Signal from DIU telling LLU that valid read data is on the dlu_data 
bus 


DWU Interface 


dwujlu_line_wr 




In 


DWU line write. Indicates that the DWU has completed a full line 
write. Active high 


llu_dwu_ljne_rd 




Out 


LLU line read. Indicates that the LLU has completed a line read. 
Active high. 


dwu Jlu_cfifo3ize[i 1 ;01[7:0] 


12x8 


In 


Indicates the number of lines in the FIFO before the iine increment 
wUl wrap around In memory. 


PCU Interface 


pcu_llu_sel 




Jn 


Block select from the PCU. When pcujtu_se! is high both pcujadr 
and pcu_dataoutare valid. 


pcu_rwn 




In 


Common read/not-write signal from the PCU. 


pcu_adrp:2] 


6 


In 


PCU address bus. Only 6 bits are required to decode the address 
space for this block. 


pcu_dataout(31:0] 


32 


In 


Shared write data bus from the PCU. 


lfu_pcu_rdy 


1 


Out 


Ready signal to the PCU. When !lu_pcu_rdy\s high li indicates the 
last cycle of the access. For a write cyde this means pcu_dataout 
has been registered by the block and for a read cycle this means 
the data on Uu_pcu_data is valid. 


llu_pcu_data[31 :0] 


32 


Out 


Read data bus to the PCU. 



31.5.3 Configuration registers 

The configuration registers in the LLU are programmed via the PCU interface. Refer to section 21.8.2 on 
page 257 for a description of the protocol and timing diagrams for reading and writing registers in the 
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LLU. Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads 
and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for the 
LLU. When reading a register that is less than 32 bits wide zeros should be returned on the upper unused 
bit(s) of llu_pcujlata. Table 157 lists the configuration registers in the LLU. 



Table 157. LLU registers description 







km 


ill 




Control Registers 








0x00 


Reset 


i 


0x1 


Active low synchronous reset, self de-activating. A 
write to this register wiD cause a LLU block reset 


0x04 


Go 


1 


0x0 


Active high Wt Inolcating the LLU Is programmed and 
ready to use. A low to high transition will cause LLU 
block Interna] states to reset 


Configuration 


0x08-0x38 


CotorBaseAdr[11:0] 


12x17 


0x000 0 
0 


Specifies the base address (in words) In memory 
where data from a particular half color (N) will be 
placed. 


0x3C 


ColorEnaWe 


6 


0x3F 


Indicates whether a particular color is active or not. 
When inactive no data is written to DRAM for that 
color. 

0 - Color off 

1 - Color on 

One bit per color, bit 0 is Color 0 and so on. 


0x40 


UneSize 


16 


0x0000 


Indicates the number of dots per line. 


0x44 


RfoReaoTh reshold 


8 


0x00 


Specifies the number of lines that should be in the 
Fl FO before the LLU starts readin g. 


0x48 - 0x78 


ColorRe!Line[11:0] 


12x8 


0x00 


Specifies the relative number of flnes to wait from the 
first before starting to read dot data from the corre- 
sponding dot data FIFO 
Bus 0,1 - Even, Odd line color 0 
Bus 2,3 - Even. Odd line color 1 
Bus 4.5 - Even, Odd line color 2 
Bus 6,7 - Even, Odd line color 3 
Bus 8,9 - Even, Odd line color 4 
Bus 10,1 1 - Even, Odd line color 5 


Working Registers 


0x7C 


RfbRHLevel 


8 


0x00 


Number of lines in the dot line FIFO, line written In but 
not read out. (Read Only) 



A low to high transition of the Go register causes the internal states of the LLU to be reset All configura- 
tion registers will remain the same. The block indicates the transition to other blocks via the llu _go_pulse 
signal. 



The ColorLinelnc bus specifies the number of addresses (in 256-bit words) between successive half lines 
in the dot line store, is used to determine when a half line of data is read from DRAM. It is derived from 
the UneSize register by rounding up the nearest 256-bit value. The same value used for all half colors, 
if (line_aizep:0] 1=0 > then 

color_line_inc[7:0J = line_size (15 : 8] + 1 
else 

color_line_incI7 :0J = line_size[15 : 8) ; 
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31.5.4 Dot generator 
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DIU ' 4 1 ► 



7^ — ► <Jot_data 
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Figure 230. Dot generator RTL Diagram 

The dot generator block is responsible for reading dot data from the DIU buffers and sending the dot data 
in the correct order to the PHI block. The dot generator waits for llu__en signal from the fifo fill level block, 
once active it starts reading data from the 6 DIU buffers and generating dot data for feeding to the PHI. 

In the LLU there are two instances of the dot generator, one generating odd data and the other generating 
even data. 

At any time the ready bit from the PHI could be de-asserted, if this happens the dot generator will stop 
generating data, and wait for the ready bit to be re-asserted. 



31.5.4.1 Dot count 



In normal operation the dot counter will wait for the llu_en and the ready to be active before starting to 
count. The dot count will produce data as long as the phi_llu_ready is active. If the phijluj-eady signal 
goes low the count will be stalled 

The dot counter increments for each dot that is processed per line. It is used to determine the line finish 
position, and the bit select value for reading from the DIU buffers. The counter is reset after each line is 
processed (line^fin signal). It determines when a line is finished by comparing the dot count with the con- 
figured line size divided by 2 (note that odd numbers of dots will be rounded down). 
// define the lane finish 

if <dot_cnt[14:0] « line_size [15 : 1 ) ) Chen 

line_fin = 1 
else 

line_fin = 0 
// determine if word is valid 

dot_active = ( (llu_en == 1) AND (phi_llu_ready == 1) AND <buf_emp -o 0 > ) 
// counter logic 
if (llu_go_pulfle == 1) then 
dot_cnt = 0 

elsif (<dot_active == 1 ) AND (line_fin == 1)) then 

dot_cnt m o 
elsif (detractive « 1) thon 

dot_cnt o dot_cnt ♦ 1 
else 

dot.cn t = dot_cnt 
// calculate the word select bits 
bit_sel[S:0] := dot_cnt[5:0] 
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The dot generator aiso maintains a read buffer pointer which is incremented each time a 64-bit word is 
processed. The pointer is used to address the correct 64-bit dot data word within the DIU buffers. The 
pointer is reset when llu_gojpulse is 1. Unlike the dot counter the read pointer is not reset each line but 
rounded up the nearest 256-bit word. This allows for more efficient use of the DIU buffers at line finish. 

// read pointer logic 
if <llu_go_pulse *« 1) then 
read_adr = 0 

elsif (( dot_active == 1) AND (dot_cnt (5 : 0] » 63 ) ) then 

read^adr ♦+ // normal increment 

elsif (( dot_active =» 1) AND (line_fin *= 1 ) ) then { 
// special end of line case 
if (dot_cntt7:0J != 0) then 

read_adr [ 3 : 2 ] // end of line round up 

read_adr (1 :0] = 0/ 



The LLU keeps a running total of the number of lines in the dot line store FIFO. Every time the DWU sig- 
nals a line end (dwujllujline_wr active pulse) it increments the filllevel. Conversely if the LLU detects a 
line end (line_rd pulse) the filllevel is decremented and the line read is signalled to the DWU via the 
llu_dwujine_rd signal. 

The LLU fill level block is used to determine when the dot line has enough data stored before the LLU 
should begin to start reading. The LLU at page start is disabled. It waits for the DWU to write lines to the 
dot line FIFO, and for the fill level to increase. The LLU remains disabled until the fill level has reached 
the programmed threshold (fifo_read_thres). When the threshold is reached it signals the LLU to start pro- 
cessing the page by setting llujen high. Once the LLU has started processing dot data for a page it will not 
stop if the filllevel falls below the threshold. 

The line fifo fill level can be read by the CPU via the PCU at any time by accessing the FifoRULevel regis- 
ter. The CPU must toggle the Go register in the LLU for the block to be correctly initialized at page start 
and the fifo level reset to zero. 

if (llu_go_pulse «» l) then 
filllevel = 0 

elsif ((line^rd « 1) AND <dwu_llu_line_vr 1 ) ) then 

//do nothing 
elsif <line_rd == 1) then 

filllevel 
elsif (dvu_l lu_line_wr =- 1) then 

filllevel 

// determine the threshold, and set the LLU going 
if (llu^o^pulse 1) then 
llu_en = 0 

elsif (filllevel f ifo_jcead_thre ahold ) then 



> 



31.5.5 



Fifo fill level 



llu_en = 1 
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31.5.6 DJU interface 
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Figure 231. DIU interface 
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Jf .5. 6. t D/tf interface description 

The DIU interface block is responsible for aeterniining when dot data needs to be read from DRAM, keep- 
ing the dot generators supplied with data and calculating the DRAM read address based on configured 
parameters, FIFO fill levels and position in a line. 

The fill level block enables DIU requests by activating llu_en signal. The DIU interface controller then 
issues requests to the DIU for the LLU buffers to be filled with dot line data (or fill the LLU buffers with 
null data without requesting DRAM access, if required). 

At page start the DIU interface determines which buffers should be filled with null data and which should 
request DRAM access. New requests are issued until the dot line is completely read from DRAM. 
For each request to the DRAM the address generator calculates where in the DRAM the dot data should be 
read from. The color_enable bus determines which colors are enabled, the interface never issues DRAM 
requests for disabled colors. 
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31.5.6.2 interface controller 
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Machine remains in same state by default 
All outputs are zero unless otherwise stated 

State Description: 

Idle : Idle state wait for active request 

ColorSelect Select the color to update before 
requesting to DIU 

Request Request issued wait for acknowledge 

DataO: Data word 0 transfer 

Datal : Data word 1 transfer 

Data2: Data word 2 transfer 

Data3: Data word 3 transfer 



Figure 232. Interface controller state diagram 

The interface controller co-ordinates and issues requests for data transfers from DRAM. The state machine 
waits in Idle state until it is enabled by the LLU controller (llu_en) and a request for data transfer is 
received from the write pointer block. 

When an active request is received (req^active equals 1) the state machine jumps to the ColorSelect state 
to determine which colors (color^cnt) in the group need a data transfer. A group is defined as all odd col- 
ors or all even colors. If the color isn't enabled (color jenable) the count just increments, and no data is 
transferred. If the color is enabled, the state machine takes one of two options, either a null data transfer or 
an actual data transfer from DRAM. A null data transfer writes zero data to the DIU buffer and does not 
issue a request to DRAM. 

The state machine determines if a null transfer is required by checking the color _start signal for that color. 

If a null transfer is required the state machine doesn't need to issue a request to the DIU and so jumps 
directly to the data transfer states (DataO to Data3). The machine clocks through the 4 states each time 
writing a null 64-bit data word to the buffer. Once complete the state machine returns to the ColorSelect 
state to determine if further transfers are required. 

If the color_start is active then a data transfer is required. The state machine jumps to the Request state 
and issue a request to the DIU controller for DRAM access by setting llujiiu^rreq high. The DIU 
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responds by acknowledging the request (diujlu _rack equals 1) and then sending 4 64-bit words of data. 
The transition from Request to DataO state signals the address generator to update the address pointer 
(adrjupdate). The state machine clocks through DataO to Data3 states each time writing the 64-bit data 
into the buffer selected by the req__sel bus. Once complete the state machine returns to the ColorSelect 
state to determine if further transfers are required. 

When in the ColorSelect state and all data transfers for colors in that group have been serviced (i.e. when 
color _cnt is 6) the state machine will return to the Idle state. On transition it will update the word counter 
logic (word_dec) and enabled the request logic (reqjupdate). 

A reset or llu^gojyulse set to 1 will cause the state machine to jump directly to Idle. The controller will 
remain in Idle state until it is enabled by the LLU controller via the Humeri signal. This prevents the DIU 
attempting the fill the DIU buffers before the dot line store FIFO has filled over its threshold level. 

31.5.6.3 Color activate 

The color activate logic maintains an absolute line count indicating the line number currently being pro- 
cessed by the LLU. The counter is reset when the llu_go_pulse is l and incremented each time a line^rd 
pulse is received. The count value (Jine^cni) is used to determine when to start reading data for a color. 

The count is implemented as follows: 

if ( llu_go_pulse == 1) then 

line_cnt » 0 
elsif ( line^rd « 1) then 

line_cnt. +♦ 

The color activate logic compares line count with the relative line value to determine when the LLU 
should start reading data from DRAM for a particular half color. It signals the interface controller block 
which colors are active for this dot line in a page (via the color jstort bus). It is used by the interface con- 
troller to determine which DIU buffers require null data. 

Once the color_start bit for a color is set it cannot be cleared in the normal page processing process. The 
bits must be reset by the CPU at the end of a page by transitioning the Go bit and causing a pulse on the 
llu_go_pulse signal. 

Any color not enabled by the color _enable bus will never have its color _start bit set. 

for (i=0; i<12;i++>< 

if ( llu_go_j)ulse 1) then 

col_on[i] » 0 
elsif ( color_enable(l % 6) == 1 ) then 

col_on ( i J a 0 
elsif { line_cnt «** color_rel_l ine [ i J > then 

col_on[i] = L 

) 

// select either odd or even colors , 
if ( odd_even__sel 1 ) then // odd selected 

color_start[5:0] « {col_on[ll} , col_on[9] ,col_on[7) , col.on( 5) , eol_on(3] , col_on[l} > 
else // even selected 

color_start(5:0J * tcol_on(10] , col_on( B] , col_on [6] ,col_on[4 3 ,col_on[2] ,col_on(0] ) 



31.5.6.4 Address generator 

The address generator block maintains 12 pointers (color _odr [I J :0J) to DRAM corresponding to current 
read address in the dot line store for each half color. When a DRAM transfer occurs the address pointer is 
used first and then updated for the next transfer for the color. The pointer used is selected by the reqjsel 
bus, and the pointer update is initiated by the odrjupdate signal from the interface controller. 
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The pointer update and pointer initialization is dependent on the pointer position in a line and the line posi- 
tion in the FIFO. 

When a llu^go^pube is received the pointers are each initialized to the corresponding base address for that 
color (color_base_adr). For each word that is read from DRAM the pointer is incremented. If the word is 
the last word in a line (last_wd equals 1) and the last line in the fifo ififojsnd equals 1) then the address 
pointer is re-initialized to the base address value. The pointer is incremented for all other words. 

The address is calculated as follows: 
// reset to base address 
if (llu_go_pulse == 1> then 

color.adr 111:0] = color_base_adr til : 0H21 : 5] 
elsif { adr_u?date == 1) then 

if (req_sel «== NULL ) then 
//do nothing 

elsif (<fifo_end »= 1)and <last_wd 1>) then 

color_adr [req_sel] = color_base_adr (req_sel) [21 :5J 

else 

color_adr[re<x_sel] ♦+ // normal increment 
// select the address pointer 
llu_diu_radr o color__adr [req_sel J 



31.5.6.5 Line pointer 

The line pointer logic counts the number of dot data lines read from DRAM for each color. The counter 
value is used to signal the fifo wrap point to the address generator logic. A separate counter is maintained 
for each color. 

The end of a line can be determined when the address is updated (adrjupdate equal 1) and the word trans- 
ferred is the last word of a line (last^wd equal 1). The line pointer that needs to be updated is selected by 
the req_?el bus from the write pointer block. If the selected pointer is zero the counter is reset to the corre- 
sponding color Jifo_?ize value, otherwise the counter is decremented. 

If the llu_go_pulse signal is high the counters are reset to its corresponding color Jifo^ize value. When 
the counter is zero it sets the fifo_end bit to signal the address generator that the fifo has wrapped (to 
update the address pointer accordingly). 

if (llu_go_pulse == 1) then 

line_pt[ll:0] = color_f ifo_si»e [ 11 :0] 
elsif < (adrjupdate == 1) AND (last_wd »« 1)) then { 

if (line_pt[req_sel) == 0) 

line_pt [req_sel] o color_f if o_size lreq_sel] 

else 

line_ptlreq_sel] — 

> 

// select the correct line pointer for comparison 
fifo_end « (line_pt [line^pt] == 0) 

31.5.6.6 Write pointer 

The write pointer logic maintains the buffer write address pointers* determines when the DIU buffers need 
a data transfer and signals when the DIU buffers are empty. The write pointer determines the address in the 
DIU buffer that the data should be transferred to. 

The write pointer logic compares the read and write pointers of each DIU buffer to determine which buff- 
ers require data to be transferred from DRAM (pendfJLOJ bus), and which buffers are empty (the 
bufjemp signals). Only enabled buffers are considered as indicated by the color_enable bus. 
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Buffers are grouped into odd and even buffers, if an odd buffer requires DRAM access the odd_pend sig- 
nals will be active, if an even buffer requires DRAM access the evenjjend signals will be active. If both 
odd and even buffer require DRAM access, the even buffers will get serviced first 

If any buffer requires a DRAM transfer, the logic will indicate to the interface controller via the req_active 
signal, with the odd_even^el signal determining which group of buffers get serviced. The interface con- 
troller will check the color_enable signal and issue DRAM transfers for all enabled colors in a group. 
When the transfers are complete it tells the write pointer logic to update the request pending via 
reqjupdate signal. ' 

The req_sei[3:0J signal tells the address generator which buffer is being serviced, it is constructed from 
the odd^evenjsel signal and the color_cnt[2:0] bus from the interface controller. When data is being trans- 
ferred to DRAM the word pointer and write pointer for the corresponding buffer are updated. The req^el 
determines which pointer should be incremented. 

The write pointer logic operates the same way regardless of whether the transfer is null or not. 

// determine which buffers need updates 
for( i=0; i<12; { 

// determine if request is active, filtered by color enable 
if ( wr__adr[i] [3:2J rd_adr [i J [3:2 J ) 

pend[i] * 1 
else 

pend[i] ■ 0 
// determine if any enabled buffer is empty 

if <<wr_adr[i) [3:0] ■* rcLadr I i j (3 :0] > AND (color_enable[i / 2] « 1)) then 
buf_erop[i] = 1 

) 

// Odd half colors (1,3,5,7,9,11), even half colors (0,2,4,6,8,10> 
odd_j>end - ( pendUJ | pend[3) | pend[5] | pend{7] | pend[9) j pend(llj ) 
even_pend = ( pendfOJ | pend(2] | pend[4) | pend(6j | pend[8] | pendflO] ) 
// fixed servicing order, only update when controller dictates so 
if (req_update »= 1)- then { 

if (even^pend == 1) then // even always first 

odd_even_sel = 0 

req_«ctive = i 
elsif (odd_pend =* l ) then // then check odd 

odd_even_sel * 0 

req_active = 1 

else // nothing active 

odd_even_sel - 0 
req_active = 0 

// selected requestor 

req_sel[3:0] = (color.cnt [2 : 0] , odd_even_sel} // concatenation 

The write address pointer logic consists of 12 2-bit counters and a word select pointer. The counters are 
reset when llu^go^pulse is one. The word pointer (word^ptr) is common to all buffers and is used to write 
64-bit words into the DIU buffer. It is incremented when buf_rd_en is active. If the word^ptr is 3 and the 
bufjrdjm is active the selected write pointer {wrjptr[reqjselj) will be incremented. A concatenation of 
the write pointer and the word pointer are use to construct the buffer write address. The write pointers are 
not reset at the end of each line. 

// determine which pointer to update 
if (buf_wr_en =* 1) then ( 

wr_adr (req_sel J ++ 

wr_en[req_sel] = 1 

> 
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// determine which pointer to update 
if (llu_go_pulse == 1) then 

wr_ptr[ll:0] = 0 

word.jp tr = 0 
elsif (buf_rdUen == 1) then { 

word_ptr+* 

if <word_ptr « 3 ) then 
wr_j?tr[req_sel)*+ 

) 

// create the address from the write pointer and word pointer 
wr_adr[req_sel] = (wr_ptr [req_sel ) ,word_ptr) // concatenation 



31.5.6.7 Word count 



The word count logic maintains 2 counters to track the number of words transferred from DRAM per line, 
one counter for odd data, and one counteT for even. On receipt of a llujgo_pulse, the counters are initial- 
ized to the color Jinejnc value (number of words per line). When a group of words are transferred to 
DRAM as indicated by the wordjiec signal from the interface controller, the corresponding counter is 
decremented The counter to decrement is indicated by the oddjeven _j>el signal from the write pointer 
block (even - 0, odd =1). 

When a counter is zero the last_wd signal for that group (i.e. odd or even) is set. The lastjwd signal indi- 
cates to the address generator that the next word transferred from DRAM for the corresponding color is the 
last word in the line. When the last word actually gets transferred the interface controller will pulse the 
word^dec signal causing the corresponding word count to reset to the color Jinejnc value. 

// determine which counter to decrement 
if (llu_go_pulse =» 1) then 

word_cnt[0) a color_line_inc // odd count 

word_cnt[lJ = color_line_inc // even count 
elsif (word_dec « I) then ( // nee d to decrement one word counter 

if (word^cne [odd_e venose 1J == 0) then // line finish 

wordLcnt [odd^even.sel] = color_line_inc 

else 

word_cn t ( odd_even_s el ) - - 

> 

// select the correct the last_wd 
last_wd = (word_cnt [odd_even_sel ] « 0) 

The word count logic also determines when a complete line has been read from DRAM, it then signals the 

fifo fill level logic in both the LLU and DWU (via line_rd signal) that a complete line has been read by the 

LLU (!lu__dwujine_rd). . 

// line finish logic 

if (llu_go_pulse == 1) then 

line_ fin » 0 

line_rd = 0 

elsif (<last_wd == 1) AND <line_fin =» 0) AND (word_dec =» 1 > ) then 
line_fin =1 // first group last^wd finish pulse 

line_rd = 0 

elsif <(last_wd 1) and <line_fin 1) AND (word_dec == 1 ) ) then 
line_fin =0 // second group last_wd finish pulse 

line_rd = 1 

else 

line_fin = line_fin // stay the 

line_rd = 0 
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32 PrintHead Interface (PHI) 



32.1 Overview 



The Printhead interface (PHI) accepts dot data from the LLU and transmits the dot data to the printhead, 
using the printhead interface mechanism. The PHI generates the control and timing signals necessary to 
load and drive the bi-lithic printhead The CPU determines the line update rate to the printhead and adjusts 
the line sync frequency to produce the maximum print speed to account for the printhead IC's size ratio 
and inherent latencies in the syncing system across multiple SoPECs. 

The PHI also needs to consider the order in which dot data is loaded in the printhead. This is dependent on 
the construction of the printhead and the relative sizes of printhead ICs used to create the printhead. See 
Bi-lithic Printhead Reference document for a complete description of printhead types [10]. 

The printing process is a real-time process. Once the printing process has started, the next Printline's data 
must be transferred to the printhead before the next line sync pulse is received by the printhead. Otherwise 
the printing process will terminate with a buffer underrun error. 

The PHI can be configured to drive a single printhead IC with or without synchronization to other 
SoPECs. For example the PHI could drive a single IC printhead (i.e. a printhead constucted with one IC 
only), or dual IC printhead with one SoPEC device driving each printhead IC. 

The PHI interface provides a mechanism for the CPU to directly control the PHI interface pins, allowing 
the CPU to access the bi-lithic printhead to: 

• determine printhead temperature 

• test for and determine dead nozzles for each printhead IC 

• initialize each printhead IC 

• pre-heat each printhead IC 

Figure 233 shows a high level data flow diagram of the PHI in context. 
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Figure 233. High level data flow diagram of PHI in context 
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32.2 Printhead modes of operation 

The printhead has 4 different modes of operations (although some modes are re-used). The mode of oper- 
ation is defined by the state of the output tfnsphijbyncl and phi_readl. As both printhead ICs are driven 
by the same signals both printhead ICs must be in the same mode of operation. The modes of operation are 
denned in Table 158. 



Table 158. Printhead modes of operation 







IlEll 




ixvjniviML. 


l 


i 


N/A 


Normal print mode, dot data Is clocked into the print- 
head shift register, on each lading edge of phi srclk 


DOTJ.OAD/ 
FIRE J NIT 


1 


0 


phj_frdk=0 


Dot Load Mode, data stored in the dot shift register is 
transferred into the dot latch on the falling edge of 
phijsyncf, and latched in on the rising edge of 
phljsyncl 


phf_srcfh=A 


Rre load mode. Parameter for generating fire pattern 
are loaded into generator, data on phi_ph_data[1:0][0] 
is clocked into the generator on each rising edge of 
phljrclk 


TEST_MODE 


0 


0 


pn/_r7c/fc=0 


Dot Load Mode, data stored in the dot shift register is 
transferred into the dot register on the rising edge of 
phijsynct, identicaf to DOT J.OAD 


phi_srdh=0 


The printhead is in test mode, the temperature delta 
Sigma is clocked out of the printhead on the rising of 
f rclk through phljphjdata[1 :0](1 J 
The result of the nozzle test is clocked out of the print- 
head through phi_ph__data(l :0][0J 


FIREJ3EN 


0 


1 


N/A 


The nozzle test circuit is reset 

CMOS testing mode, the dot shift register is scanned 

out of the printhead on the falling edge of phLsrctk. 

Data is output on phi _ph_data(1 :0][1 :0] 

The initialised generator creates the fire pattern and 

shift select pattern, and the pattern is clocked Into the 

fire shift register and select shift register on the rising 

edge of phi_frctk 



32.3 Data rate equalization 



The LLU can generate dot data at the rate of 12 bits per cycle, where a cycle is at the system clock fre- 
quency. In order to achieve the target print rate of 30 sheets per minute, the printhead needs to print a line 
every IGOus (calculated from 300mm @ 65.2 dots/mm divided by 2 seconds — lOOnsec) For a 7 3 con- 
structed pnnthead this means that 9744 cycles at 106Mhz is quick enough to transfer the dot data. The 
input FIFOs are used to de-couple the read and write clock domains as well as provide for differences 
between consume and fill rates of the PHI and LLU. 

Nominally the system clock (pclk) is run at 160Mhz and the printhead interface clock (phiclk) is at 
lOoMhz. 

If the PHI was to transfer data at the full printhead interface rate, the transfer of data to the shorter print- 
head IC would be completed sooner than the longer printhead IC. While in itself this isn't an issue it 
requires that the LLU be able to supply data at the maximum rate for short duration, this requires uneven 
bursty access to DRAM which is undesirable. To smooth the LLU DRAM access requirements over time 
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the PHI transfers dot data to the printhead at a pre-programmed rate, proportional to the ratio of the shorter 
to longer printhead ICs. 



Without Rata equalization (7:3 head) 
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100 usee 
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phi _ph_data[0][1 :0] 

phLph_dataJ1l(1:0] 
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_□ 



phLsrclkll] 



Figure 235. Printhead data rate equalization 

The printhead data rate equalization is controlled by PrintHeodRate[l:0] registers (one per printhead IC). 
The register is a 16 bit bitmap of active clock cycles in a 16 clock cycle window. For example if the regis- 
ter is set to OxFFFF then the output rate to the printhead will be full rate, if it's set to OxPOFO then the out- 
put rate is 50% where there is 4 active cycles followed by 4 inactive cycles and so on. If the register was 
set to 0x0000 the rate would be 0%. The relative data transfer rate of the printhead can be varied from 0- 
100% with a granularity of 1/16 steps. 



Table 159. Example rate equalization values for common printheads 







mpsnra 


8:2 


OxFFFF (100%) 


0x1111 (25%) 


7:3 


OxFFFF (100%) 


0x5551 (43.7%) 


6:4 


OxFFFF (100%) 


0xFlF2 (68.7%) 


5:5 


OxFFFF (100%) 


OxFFFF (100%) 



If both printhead ICs are the same size (e.g. a 5:5 printhead) it may be desirable to reduce the data rate to 
both printhead ICs, to reduce the read bandwidth from the DRAM. 
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32.4 Dot generate and transmit order 

Several printhead types and arrangements exists (see Section 35 Memjet Printhead) . The PHI is capable of 
driving all possible configurations, but for the purposes of simplicity only one arrangement (arrangement 0 
- see Section 35 Memjet Printhead) is described in the following examples. 



Dot Transmit 
Order 




5 Unas 





Type 0 printhead IC 


Type 1 printhead IC 






Paper 


M - Midway point in dots 




N * Number of dots in a Nne 


Note: Paper passing under printhead 



|^ motion 



Figure 236. Printhead structure and dot generate order 

The structure of the printhead ICs dictate the dot transmit order to each printhead IC. The PHI accepts two 
streams of dot data from the LLU, one even stream the other odd The PHI constructs the dot transmit 
order streams from the dot generate order received from the LLU. Each stream of data has already been 
arranged in increasing or decreasing dot order sense by the DWU. The exact sense choice is dependent on 
the type of printhead ICs used to construct the printhead, but regardless of configuration the odd and even 
stream should be of opposing sense. 

The dot transmit order is shown in Figure 236. Dot data is shifted into the printhead in the direction of the 
arrow, so from the diagram (taking the type 0 printhead IC) even dot data is transferred in increasing order 
to the mid point first (0, 2, 4, m-6, m-4, m-2), then odd dot data in decreasing order is transferred (m-1, 
m-3, m-5,...., 5, 3, 1). For the type 1 printhead IC the order is reversed, with odd dots in increasing order 
transmitted first, followed by even dot data in decreasing order. Note for any given color the odd and even 
dot data transferred to the printhead ICs are from different dot lines, in the example in the diagram they are 
separated by 5 dot lines. Table 1 60 shows the transmit dot order for some common A4 printheads. Differ- 
ent type printheads may have the sense reversed and may have an odd before even transmit order or vice 
versa. 



Table 160. Example printhead ICs, and dot data transmit order for A4 (13824 dots) page 





mm 




mmmmmEwmm 


Type 0 Printhead IC 


8 


11160 


0.2,4,8 ,5574,5576,5578 


5579,5577,5575 7,5,3,1 


7 


9744 


0,2,4,8 4868,4868,4870 


4871,4869,4867 7,5,3,1 


6 


8328 


0,2,4,8 4158,4160,4162 


4163.4161,4159 7,5.3,1 


5 


6012 


0,2,4,8 3450,3452,3454 


3455.3453.3451 7,5.3.1 


4 


5496 


0,2,4,8 .2742,2744,2746 


2847,2845 .2843 7.5.3. 1 


3 


4080 


0,2,4,8 ,2034,2036,2038 


2039,2037,2035 7,5,3,1 
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Table 160. Example prlnthead ICs f and dot data transmit order for A4 (13824 dots) page 



| 2664 



0,2,4,8 1326,1328,1330 



I 1331,1329,1327 7,5,3.1 



Type 1 Prlnthead (C 


8 


11160 


13823,13821,13819 ,1337,1335,1333 


1332.1334,1336 13818.13820.13822 


7 


9744 


13823,13821,13819 2045,2043.2041 


2040,2042,2044 1 381 8,1 3820,1 3822 


6 


8328 


13823.13821,13819 2853.2851,2849 


2848,2650.2852 1 381 8 , 1 3820. 1 3822 


5 


6912 


13823.13821.13819 3461,3459.3457 


3456.3458,3460 1 381 8,1 3820,1 3822 


4 


5496 


13823,13621.13819 4169.4167,4165 


4164,4166,4168 13818,13820,13822 


3 


4080 


13823.13821,13819 4877.4875,4873 


4872,4874.4876 1 381 8, 1 3820. 1 3822 


2 


2664 


13823.13821.13819 5585.5583.5581 


5580,5582.5584 1 381 8. 1 3820, 1 3822 



32.4.1 Dual Prlnthead IC 

Generate dot order (from the LLU) 



Odd Dot stream 
Even Dot stream 



mmrnmrnmemmmmmm 



6912 dock cycles 

Mid 
Point 



Transmit dot order(to the printhead) 



Prlnthead Channel A 



Printhead Channel B 



4872 dock cycles 



*U4U cjock cyctes " 



Even dots from Line Y 
Odd dots from Une Y-5 



9744 dock cycles 



Example: Une wfth 1 3824 dots, wfth 7:3 printhead 
Figure 237. Dot data generated and transmitted order 



The LLU contains 2 dot generator units. Each dot generator reads dot data from DRAM and generates a 
stream of dots in increasing or decreasing order. A dot generator can be configured to produce odd or even 
dot data streams, and the dot sense is also configurable. In Figure 237 the odd dot generator is configured 
to produce odd dot data in decreasing order and the even dot generator produces dot data in increasing 
order. 

In order to reconstruct the dot data streams from the generate order to the transmit order, the connection 
between the generators and transmitters needs to be switched at the mid point. At line start the odd dot 
generator feeds the type 1 printhead, and the even dot generator feeds the type 0 printhead. This continues 
until both printheads have received half the number of dots they require (defined as the mid point). The 
mid point is calculated from the configured printhead size registers (PrintHeodSize). Once both printheads 
have reached the mid point, the PHI switches the connections between the dot generators and the print- 
head, so now the odd dot generator feeds the type 0 printhead and the even dot generator feeds the type 1 
printhead. This continues until the end of the line. 
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It is possible that both printheads will not be the same size and as a result one dot generator may reach the 
mid point before the other. In such cases the quicker dot generator is stalled until both dot generators reach 
the mid point, the connections are switched and both dot generators are restarted. 

Note that in the example shown in Figure 237 the dot generators could generate an A4 line of data in 6912 
cycles, but because of the mismatch in the printhead IC sizes the transmit time takes 9744 cycles. 



32.4.2 Single printhead (C 

In some cases only one printhead IC may be connected to the PHI. In Figure 238 the dot generate and 
transmit order is shown for a single IC printhead of 9744 dots width. While the example shows the print- 
head IC connected to channel A, either channel could be used. The LLU generates odd and even dot 
streams as normal, it has no knowledge of the physical printhead configuration. The PHI is configured 
with the printhead size (PrintHeadSizefl J register) for channel B set to zero and channel A is set to 9744. 

Generate dot order (from the LLU) 



Odd Dot stream 



Even Dot stream 



4872 doc* cycles 



Transmit dot order(to the printhead) 
Printhead Channel A [gyjglfgi^f 




Printhead Channel B 



4372 clock cycles 



4872 clock cycTSi 



9744 dock cycles 



Even dots from Une Y 
Odd dots from Une Y-5 



32.4.3 



Example: Une with 9744 dots, with 7:0 printhead 
Figure 238. Dot data generated and transmitted order (single printhead case) 

Note that in the example shown in Figure 238 the dot generators could generate an 7 inch line of data in 
4872 cycles, but because the printhead is using one IC, the transmit time takes 9744 cycles, the same speed 
as an A4 line with a 7:3 printhead. 

Summary of generate and transmit order requirements 

In order to support all the possible printhead arrangements, the PHI (in conjuction with the LLU/DWU) 
must be capable of re-ordering the bits according to the following criteria: 

• Be able to output the even or odd plane first. 

• Be able to output even and odd planes independently. 

• Be able to reverse the sequence in which the color planes of a single dot are output to the printhead. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 504 



SoPEC : Hardware Design 



32.5 Print sequence 

The PHI is responsible for accepting dot data streams from the LLU, restructuring the dot data sequence 
and transferring the dot data to each printhead within a line time (i.e before the next line sync). 

Before a page can be printed the printhead ICs must be initialized The exact initialization sequence is con- 
figuration dependent, but will involve the fire pattern generation initialization and other optional steps. The 
initialization sequence is implemented in software. 

Once the first line of data has been transferred to the printhead, the PHI will interrupt the CPU by asserting 
thcphijcu_print_rdy signal. The interrupt can be optionally masked in the ICU and the CPU can poll the 
signal via the PCU or the ICU. The CPU must wait for a print ready signal in all printing SoPECs before 
starting printing. 

Once the CPU in the PrintMaster SoPEC is satisfied that printing should start, it triggers the LineSync- 
Master SoPEC by writing to the PrintStart register of all printing SoPECs. The transition of the PrintStart 
register in the LineSyncMaster SoPEC will trigger the start of Isyncl pulse generation. The PrintMaster 
and LineSyncMaster SoPEC are not necessarily the same device, but often are the same. For a more in 
depth definition see section 12.3 Multi-SoPEC systems on page 104. 

Writing to the PrintStart register generates a pulse which is used to generate the line sync in the LineSyn- 
cMaster which is in turn used to align all SoPECs in a multi-SoPEC system. All printhead signaling is 
aligned to the line sync. The PrintStart is only used to align the first line sync in a page. 

When a SoPEC receives a line sync pulse it means that the line previously transferred to the printhead is 
now printing, so the PHI can begin to transfer the next line of data to the printhead. When the transfer is 
complete the PHI will wait for the next line sync pulse before repeating the cycle. If a line sync arrives 
before a complete line is transferred to the printhead (i.e. a buffer error) the PHI generates a buffer under- 
run interrupt, and halts the block. 

For each line in a page the PHI must transfer a full line of data to the printhead before the next line sync is 
generated or received. 

32.5.1 Sync pulse control 

If the PHI is configured as the LineSyncMaster SoPEC it will start generating line sync signals LsyncPre 
number of phiclk cycles after PrintStart register rising transition is detected. Ail other signals in the PHI 
interface are referenced from the falling edge of phi Jsyncl signal. 

If the SoPEC is in line sync slave mode it will receive a line sync pulse from the LineSyncMaster SoPEC 
through the phi Jsyncl pin which will be programmed into input mode. The phi Jsyncl input pin is treated 
as an asynchronous input and is passed through a de-glitch circuit of programmable de-glitch duration 
(LsyncDeglitchCnt). 

. The phi Jsyncl will remain low for LsyncLow cycles, and then high for LsyncHigh cycles. The phi Jsyncl 
profile is repeated until the page is complete. The period of the phi Jsyncl is given by LsyncLow + Lsyn- 
cHigh cycles. Note that the LsyncPre value is only used to vary the time between the generation of the first 
phi Jsyncl and the PageStart indication from the CPU. See Figure 239 for reference diagram. 

If the SoPEC device is in line sync slave mode, the LsyncMinPeriod register specifies the minimum 
allowed phi Jsyncl period. Any phi Jsyncl pulses received before the LsyncMinPeriod has expired will 
trigger a buffer underrun error. 

32.5.2 Shift register signal control 

Once the PHI receives the line sync pulse, the sequence of data transfer to the printhead begins. All PHI 
control signals are specified from the falling edge of the line sync. 
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The phi_srclk (and consequently phi^phjdata) is controlled by the SrclkPre, SrclkPost registers. The 
SrclkPre specifies the number of phiclk cycles to wait before beginning to transfer data to the printhead. 
Once data transfer has started, the profile of the phijrclk is controlled by PrintHeadRate register and the 
status of the PHI input FIFO. For example it is possible that the input FIFO could empty and no data 
would be transferred to the printhead while the PHI was waiting. After all the data for a printhead is trans- 
ferred to the PHI, it counts SrclkPost number of phiclk cycles. If a new phijsyncl falling edge arrives 
before the count is complete the PHI will generate a buffer underrun interrupt (ph ijcujunderrun). 



32.5.3 Firing sequence signal control 

The profile of the phijrclk pulses per line is determined by 4 registers FrclkPre, FrclkLow, FrclkHigh, 
FrclkNxun. The FrclkPre register specifies the number of cycles between line sync falling edge and the 
phijrclk pulse high. It remains high for FrclkHigh cycles and then low for FrclkLow cycles. The number 
of pulses generated per line is determined by FrclkNum register. 

The phi_profile pin is specified in a similar manner by the ProfilePre, Profile Low, ProfileHigh, ProJUeNum 
registers. 

The phijrclk period and the phi_profile period should be programmed the same, so FrclkHigh + FrclkLow 
should equal the ProfileHigh + ProfileLow, and the number of cycles for each in a line time should also be 
equal i.e. FrclkNum » ProfileNum. 

The total number of cycles required to complete a firing sequence should be less than the phijsyncl period 
i.e. ((ProfileHigh + ProfileLow) * ProfileNum) + ProfilePre < (LsyncLow + LsyncHigh). 
LsyncPre 



PrintSxan Ed^e 



_fi 



LsyncPertod 



phijsyncl 



^UyncLow^ 



LsyncHigh 



"L 



phLsrcft 



phLpn_<Jata 



phijrctk 



phi_prDfil9 — 



.SrclkPre 



SrdkPost 



FrclkPre ^ RclkHtgh^ 



FrclkLow 



ProfilePre 



ProfileHigh 



ProfileLow 
* 



J I I 1 I 1 



Figure 239. Printhead interface timing parameters 



Figure 239 details the timing parameters controlling the PHI. All timing parameters are measured in num- 
ber of phiclk cycles. 



32.5.4 Page complete 

The PHI counts the number of lines processed through the interface. The line count is initialised to the 
PageLenLine and decrements each time a line is processed. When the line count is zero it pulses the 
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phijcujyagejinish signal. A pulse on the phijcu_pagejinish automatically resets the PHI Go register, 
and can optionally cause an interrupt to the CPU. Should the page terminate abnormally, i.e. a buffer 
underrun, the Go register will be reset and an interrupt generated. 



The PHI will generate an interrupt to the CPU after a predefined number of line syncs have occured. The 
number of line syncs to count is configured by the LineSyncInterrupt register. The interrupt can be dis- 
abled by setting the register to zero. 



The PHI block allows the generation of margins either side of the received page from the LLU block. This 
allows the page width used within PEP blocks to differ from the physical printhead size. 

This allows SoPEC to store data for a page minus the margins, resulting in less storage requirements in the 
shared DRAM and reduced memory bandwidth requirements. The difference between the dot data line 
size and the line length generated by the PHI is the dot line margin length. There are two margins specified 
* for any sheet, a margin per printhead IC side. 

The margin value is set by programming the DotMargin register per printhead IC. It should be noted that 
the DotMargin register represents half the width of the actual margin (either left or right margin depending 
on paper flow direction). For example, if the margin in dots is 1 inch (1600 dots), then DotMargin should 
be set to 800. The reason for this is that the PHI only supports margin creation cases 1 and 3 described 
below. 



32.5.5 Line sync interrupt 



32.6 



Dot line margin 
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See example in Figure 240. 



Margin 

(200 dots) Print area(4772 dots) 
H ►H ' N 



Line Y-5 
lineY 



Type 0 Head IC (9744 dots) 



Type 1 Mead \C (4080 dots) 
paper 



Paper 
Direction 



Casel 



Isynd LT 



LUJoata- 
phi_ph_data _ 
phLsrclk " 

Case? 

LLU data - 
pKj_ph_data _ 

Case 3 

LLU data- 
pW_ph_data _ 
ptiUsrclk " 



8544 detS 



zzr 



100 dots 



Figure 240. Printhead timing with margining 



In the example the margin for the type 0 printhead IC is set at 100 dots (DotMargm=\00) t implying an 
actual margin of 200 dots. 

If case one is used the PHI takes a total of 9144 phi_prclk cycles to load the dot data into the type 0 print- 
head. It also requires 9744 dots of data from the LLU which in turn gets read from the DRAM. In this case 
the first 100 and last 100 dots would be zero but are processed though the SoPEC system consuming mem- 
ory and DRAM bandwidth at each step. 

In case 2 the LLU no longer generates the margin dots, the PHI generates the zeroed out dots for the mar- 
gining. The phi_srclk still needs to toggle 9744 times per line, although the LLU only needs to generate 
9544 dots giving the reduction in DRAM storage and associated bandwidth. The case 2 senario is not sup- 
ported by the PHI because the same effect can be supported by means of case 1 and case 3. 

If case 3 is used the benefits of case 2 are achieved, but the phi^rclk no longeT needs to toggle the full 
9744 clock cycles. The phi_?rclk cycles count can be reduced by the margin amount (in this case 9744- 
100=9644 dots), and due to the reduction mphi_?rclk cycles the phijsyncl period could also be reduced, 
increasing the line processing rate and consequently increasing print speed. Case 3 works by shifting the 
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odd (or even) dots of a margin from line Y to become the even (or odd) dots of the margin Y-4, (Y-5 
adjusted due to being printed one line later). This works for all lines with the exception of the first line 
where there has been no previous line to generate the zeroed out margin. This situation is handled by add- 
ing the line reset sequence to the printhead initialization procedure, and is repeated between pages of a 
document. See section 32.8.3 on page 512. 



32.7 Dot counter 

For each color the PHI keeps a dot usage count for each of the color planes (called AccumDotCount), If a 
dot is used in particular color plane the corresponding counter is incremented. Each counter is 32 bits wide 
and saturates if not reset. A write to the DotCountSnap register causes the AccumDotCount [N] values to 
be transferred to the DotCount[NJ registers (where N is 5 to 0, one per color). The AccumDotCount regis- 
ters are cleared on value transfer. 

The DotCount[N] registers can be written to or read from by the CPU at any time. On reset the counters 
are reset to zero. 

The dot counter only count dots that are passed from the LLU through ther PHI to the printhead. Any dots 
generated by direct CPU control of the PHI pins will not be counted. 

32.8 CPU IO CONTROL 

The PHI interface provides a mechanism for the CPU to directly control the PHI interface pins, allowing 
the CPU to access the bi-lithic printhead: 

• Determine printhead temperature 

• Test for and determine dead nozzles for each printhead IC 

• Printhead IC initialization 

• Printhead pre-heat function 

The CPU can gain direct control of the printhead interface connections by setting the PrintHeadCpuCtrl 
register to one. Once enabled the printhead bits are driven directly by the PrintHeadCpuOut control regis- 
ter, where the values in the register are reflected directly on the printhead pins and the status of the print- 
head input pins can be read directly from the PrintHeadCpuIn. The direction of pins is controlled by 
programming PrintHeadCpuDir register. The register to pin mapping is as follows: 



Table 161. CPU control and status registers mapping to printhead Interface 





EH 




PrintHeadCpuOut 


1:0 


Phi_ph_data_of0][1:0] 


3:2 


phLph_data_o(1][1:0] 


4 


phl_lsynd_o 


5 


phLreadl 


7:6 


phLwclk[1 a>] 


8 


phLfrclk 


9 


phi_profile 
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Table 161. CPU control and status registers mapping to prlnthead Interface 









PrlntHeadCpuDIr 


1:0 


phi_ph_data_etO][l^)l direction control. 
1 - output mode 
0- input mode 




3:2 


phLph_data_el1J[1 :0] direction control 
1 - output mode 
0 - input mode 




4 


phfJsyncLe direction control 
1 • output mode 
0 - input mode 


PrlntHeadCpuIn 


130 


phU>h_dataJ[0][1:0) 




3:2 


phl_ph_data_i[lJIl:0] 




4 | 


phljsynclj 



It is important to note that once in PrintHeadCpuCtrl mode it is the responsibility of the CPU to drive the 
printhead correctly and not create situations where the printhead could be destroyed such as activating all 
nozzles together. 

Note the following procedures are based on current printhead capabilities, and are subject to change. 

32.8.1 Dead nozzle information capture 

The CPU (via the direct printhead control mechanism) has the capability of testing each of the nozzles in 
the printhead and determining which nozzles are dead, the resultant dead nozzle information is processed 
by the CPU to generate the dead nozzle table used by the DNC. 

32. 8. 1. 1 Nozzle test procedure 

The nozzle test software must first initialize the fire partem generator for each printhead IC as normal, then 
it must initialize the fire pattern register as normal. The fire partem generator parameters must be chosen 
so as to create a fire pattern where only one nozzle is firing at a time. 

For example if the printhead is constructed with a 7:3 configuration where the left printhead is 7 inches 
and the right 3 inches. The fire partem length is equal to the number of dots in a half line (NLEN=n- 
1 .where n = 9744 / 2 - 4872), the COUNT=l and B=0. The fire generator in the printhead needs to be ini- 
tialized with NLEN=4871, COUNT- 1, B=0. See Section 32.8.4 for exact details on how to program the 
fire pattern generator. 

Once the generator is setup the nozzle test software puts the printhead into FIRE_GEN mode and the fire 
pattern is loaded into the fire shift registers. 

The next step is to load the dot data shift registers with a test pattern. Any test pattern could be used it 
should be chosen so as to allow only one color to fire at a time. Once the printhead shift registers are ini- 
tialized the software can begin the nozzle test sequence. 

The printhead is put in FIRE_GEN mode which resets the test circuit, both phi _jrclk and phi Jrclk are held 
inactive. After a pre-determined time the printhead is put in TEST_MODE where the nozzle is tested. 

The test software toggles phi_profile output pin and then samples the test result on the phi_ph_data pin. 
The test software then generates one phi Jrclk pulse to advance the fire pattern and repeats the profile 
pulse and test result capture as before. This procedure is repeated for all dots in the half dot line. Once the 
test result for a particular dot line is complete the whole procedure is repeated 1 2 times once for each half 
dot line. 
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J3 



The dead nozzle software collates all the nozzles test results and produces the dead nozzle table for use by 
the DNC. 



4 HREJNIT ^ 4 FIRC GEN ^ 4 NORMAL ^ ^IRE GEN ^ JEST MOD^ ^IRE_GEN ^ JHST_MQD€ 

phMayn d | j | L I 1. 

pw_readi 1 | | 

phUrc fr |%^iftfc$BE?l f]_ ! 1 

phLproffle f l ^ • ■ 



DN_ph dataio i \ ^^m\ \ms&m^mai\ mm 

Fire Wt data Test pattern Data Nozzle test result " " " 

^Test Repeated Nozzle times 

Figure 241. Nozzle Test Modes & Setup 



32.8.2 Temperature capture 

Occasionally the CPU will need to sample the printhead temperature and possibly adjust the firing profile 
based on the result. 

To capture the printhead temperature, the printhead must be put into TEST_MODE, and the 
phijphjiataj pin input mode. The CPU will toggle the phijrclk and then sample the phi_ph_data_i to 
capture the temperature data. The cycle is repeated N times, and the N bits of data are used to generate the 
printhead temperature value. The temperature capture waveform is shown in Figure 242. 

The exact number of bits required (i.e. N) and the temperature value generation mechanism is currently 
undefined. 

M TEST_MODE ^ 

phJ_lsynd | I 



phi_readl 



Clock 0 Clock 1 Clock N 

p*-™ I L_J 1 l 1 

phLph_data_l[l] Invalid ~*X Data 0 X Data 1 j ~ m [ / m [ [ \ m [\ [ \ ] \ [ [ m m X Data N X jrwagd 
phLsiclk t . . _ 

H H 

Wphfc* Clock 
Cycles 

Figure 242. Temperature Capture Waveform 
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32.8.3 Printhead initialization procedure 

In order to use the printhead for the first time the CPU must download parameters for controlling the fire 
pattern generator. The download is performed by entering the FIREJNIT mode and data is transferred 
through 1hephi^ph_jiata[l:0][0] pins (one pin per printhead IC) and clocked into the printhead on the ris- 
ing edge of phi Jrclh In total 29 clock cycles are required to transfer the full set of parameters. 



Table 162. Parameters for Fire Pattern Initialization 





hi 




NILEN 


14 


Fire pattern length. Values defines the length of the fire pat- 
tern. NL£N=N-1 where N is the pattern length. 


COUNT 


14 


Defines the remaining number of dock cycles required to 
generate the Fire Pattern. Is given by COUNT* (1^ 72) Mod 
N -1 where is the dot length of longer printhead or 
COUNT= (1^ - 1* -((l* 12) mod N)) Mod N -1 tor the shorter 
printhead 


B 


1 


Select shift register inversion bit. 



Once the generator is initialized the fire pattern and select pattern need to be created and shifted into their 
respective shift registers. The printheads are put into FIREJjEN mode and the phijrclk is toggled L a 
times, where L a is the length of the longer printhead in dots. As phijrclk is a common signal for both 
printheads it means that if the printhead ICs are of different length one printhead IC will get clocked too 
many times by phijrclk. The fire pattern generator internal in each printhead IC takes account of this. See 
Section 32.8.4 Fire pattern generator. 

If dot line margining is to be used the dot data registers in the margining region in the printhead IC need to 
be initialized to zero before any line is printed. See section 32.6 on page 507 for a full explanation of dot 
line margin setup. The CPU does this by entering NO RM AL_MODE and fills the dot data shift register 
with zeros. This is performed by clocking the phijsrclk to each printhead dot margin times for the each 
printhead IC. As phijsrclk is not common to both printhead ICs the number of clock cycles can be differed 
to each printhead IC. 

Once the printhead initialization is complete control of the printhead can be released to the PHI to allow 
printing to begin. 

32.8.4 Fire pattern generator 

The fire pattern generator is logic within each printhead IC used to generate the fire pattern and the select 
shift pattern. The fire pattern generator must be initialized by the SoPEC device before a page can be 
printed. The SoPEC uses the CPU direct IO control of the printhead pins to download the initialization 
parameters and generate the initialization sequence. 
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32,9 Implementation 

32.9.1 Definitions of I/O 



Table 163. Printhead Interface I/O definition 





Mm 


HI 




Clocks and Reset* 


pdk 




In 


System Clock 


phicik 




In 


Printhead interface clock (dodk/3) used to transfer data from pdk to 
dodk domains 


dodk 




In 


Data out dock (2x pdk) used to transfer data to printhead 


pret_n 




In 


System reset, synchronous active low. Synchronous to pdk 


phlrst_n 




In 


System reset, synchronous active low. Synchronous to phidk 


dorst_n 




In 


System reset, synchronous active low. Synchronous to dodk 


General 


phiJcu__prinCrdy 




Out 


Indicates that the first line of data is transferred to the printhead 
Active high. 


phi_teu_page_finish 




Out 


Indicates that data for a complete page has transferred. Active high 


phf_lcu_underrun 




Out 


Indicates the PHI has detected a buffer underrun. Active high 


phljcujinesyncjnt 




Out 


Indicates the PHI has detected UneSyndntenvpt number of line 
syncs. 


Debug 


debug_data_out[2:0] 


3 


In 


Output debug data to be muxed on to the PHI pins 


debug_cntrl[2:0J 


3 


In 


Control signal for each PHI bound debug data line Indicating 
whether or not the debug data should be selected by the pin mux 


LLU Interface 


llu_phLdata(1:0][5:0l 


2x6 


Out 


Dot Data from LLU to the PHI, each bit Is a color plane 5 downto 0. 
Bus 0 - Even dot data stream 
Bus 1 - Odd dot data stream 

Data is active when corresponding bit is active In Hu_pht_avaU bus 


phijlu_ready[1:0] . 


2 


In 


Indicates that PHI Is ready to accept data from the LLU 

0 • Even dot data stream 

1 - Odd dot data stream 


Ku_phLavait[1:0) 


2 


Out 


Indicates valid data present on corresponding Uu _pn/_ctefa 

0 - Even dot data stream 

1 - Odd dot data stream 


Printhead Interface 


phLph_dataJ[1:0]l1:0] 


2x2 


In 


Dot data input from printhead. 
Bus 0 - Printhead channel A 
Bus 1 - Printhead channel B 


phl_ph_data_o(1 :0][1:0J 


2x2 


Out 


Dot data output to printhead. Each bus to each printhead contains 2 
bits of data 

Bus 0 - Printhead channel A 
Bus 1 - Printhead channel B 


phi j>h_data_e[1 :0][1 :0J 


2x2 


Out 


Dot data direction control. Pin is driving when high 
Bus 0 - Printhead channel A 
Bus 1 - Printhead channel B 


phi_srdk[1K)J i 


2 


Out 


Dot data shift dock used to dock in printhead data 
Bus 0 - Printhead channel A 
Bus 1 - Printhead channel B 
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Table 163. Prlnthead Interface I/O definition 





BS3 






phi_readl 


1 


Out 


Common prlnthead mode control. Used In conjunction with 
phi_ fsynd to determine the prlnthead mode 

0 - SoPEC receiving, prlnthead driving 

1 • SoPEC d/ivlng, prlnthead receiving 


phLfrdk 


1 


Out 


Common Fire pattern clock needs to toggle once per tire cyde 


phl_profile 


i 


Out 


Common pulse profile for all colors 


phi_lsynd_o 


i 


Out 


Capture dot data for next print line, output mode 


phijsynd_e 




In 


phljsynd output enable, when high pNJsynd pin is driving 


phijsyndj 


1 


In 


Line Sync Pulse from Master SoPEC 


PCU Interface 


pcu _phl_sel 


1 


tn 


Block select from the PCU. When pcu _phl_sei is high both pcu_adr 
and pcu^dataout are valid. 


pcu_rwn 


1 


(n 


Common read/not-write signal from the PCU. 


pcu_adr[7:2) 


8 


In 


PCU address bus. Only 6 bits are required to decode the address 
space for this block. 


pcu_dataout[31 :0] 


32 


In 


Shared write data bus from the PCU. 


phi_pcu_rdy 


1 


Out 


Ready signal to the PCU. When phl_pcu_rdyis high it indicates the 
last cyde of the access. For a write cyde this means pcu_dataout 
has been registered by the block and for a read cycle this means 
the data on phi_pcu__data Is valid. 


phl_pcu_data(31 :0J 


32 


Out 


Read data bus to the PCU. 
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32.9.2 PHI sub-block partition 




1 pdk domain (1 60 Mhz) 



r - i r — i 

i i dodk domain (320 Mhz) i i phlclk domain (1 06 Mh2) 
*- - j *- _ j 

Figure 243. PHI block partition 



32.9.3 Configuration registers 
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The configuration registers in the PHI are programmed via the PCU interface. Refer to section 21.8.2 on 
page 257 for a description of the protocol and timing diagrams for reading and writing registers in the PHI. 
Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads and 
writes, the lower 2 bits of the PCU address bus are not required to decode the address space for the PHI. 
When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
of phi_pcu_data. Table 1 64 lists the configuration registers in the PHI 



Table 164. PHI registers description 





ft r:4*CT&'tffr*} •• U 








Control Registers 


0x00 


Reset 


1 


0x1 


Active low synchronous reset, self de-activating. A 
write to this register wfO cause a PHI Week reset 


0x04 


Go 


1 


0x0 


Active high bit Indicating the PHI is programmed 
and ready to use. A low to high transition wUI cause 
PHI block Internal state to reset. Will be automati- 
cally reset if a page finish or a buffer underrun is 
detected. 


General Control 


0x08 


PageLenUne 


32 


0x0000 
_0000 


Specifies the number of dot lines in a page. 


0x0c 


PrintStarl 


1 


0x0 


A low to high transition triggers printing to start 
Only active In Master Mode 


0x10-0x14 


DotMargin 


2x16 


0x0000 


Specifies for each printhead IC, the width of the 
margin In dots divided by 2. 

0 • Printhead IC Channel A 

1 • Printhead IC Channel B 


0x18-0x2C 


DotCount[5:0] 


6x32 


0x0000 
.0000 


Indicates the number of Dots used for a particular 
color, where N specifies a color from 0 to 5. Value 
valid after a write access to DotCountSnap 


0x30 


DotCountSnap 


1 


0x0 


Write access causes the AccumDotCount values to 
be transferred to the DotCount registers. The 
AccumDotCount are reset afterwards. 


0x34 


PhiHeadSwap 


1 


0x0 


Controls which signals are connected to printhead 
channels A and B 

0 - Normal, specifies bit 0 is channel A, bit 1 Is 
channel B 

1 - Swapped, specifies bit 0 Is channel B, bit 1 is 
channel A. 


0x38 


PhiMode 


1 


0x0 


Indicates whether the PHI is operating in master or 
slave mode 

0 - Slave Mode 

1 - Master Mode 


0x3C-0x40 


PhiSerlaiOrder 


2x1 


0x0 


Specifies the serialization order of dots before 

transfer to the printhead. 

Bus 0 - Printhead Channel A 

Bus 1 • Printhead Channel B 

A 0 indicates order ABC, while 1 indicates CBA 
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Table 164. PHI registers description 





mmm 


PS 






0x44-0x48 


PrintHeadSi2e 


2x16 


0x0000 


Specifies the number of non-margin dots in the 

printhead ICs. If margining Is to be used then the 

configured PrintHeadSize should be adjusted by the 

dot margin value i.e. PrintHeadSize » (Physicai- 

PrintHeadSize - (DotMargin * 2)). 

Bus 0 - Specifies printhead on Channel A 

Bus 1 - Specifies printhead on Channel B 


CPU Direct PHI Control (See Table 161.) 


0X4C 


PrintHeadCpuIn 


5 


0x00 


PHI interface pins input status. Only active in direct 
CPU mode 


0x50 


PrintHeadCpuDir 


5 


0x00 


PHI Interlace pins direction control. Only active in 
direct CPU mode 


0x64 


PrintHeadCpuOut 


10 


0x000 


PHI interface pins output control. Only active In 
direct CPU mode 


0x58 


PrintHeadCpuCtri 


1 


0x0 


Control direct access CPU access to the PHI pins 

0 - Normal Mode 

1 - Direct CPU Control mode 


Line Sync Control 


OxSC 


LsyncLow 


16 


0x0000 


Number of phidk cycles phLteyncf should remain 
low. 


0x60 


LsyncHfgh 


16 


0x0000 


Number of phidk cycles phijsynd should remain 
high. 


0x64 


L8yncPre 


16 


0x0000 


Number of phidk cycles between PrintStart rising 
transition and the generated phi_ tsynd falling edge 


0x68 


LsyncM in Period 


24 


0x00_0 
000 


Minimum number of phidk cycles between Lsync 
pulses. Lsync pulses of a shorter period will be 
rejected. Only used in slave mode. 


0x6C 


LsyncDeglitchCrrt 


4 


0x3 


Number of phidk cycles to fi Iter the incoming Lsync 
pulse from the master. Only used In slave mode. 


0x70 


UneSyncmterrupt 


16 


0x0000 


Number of line syncs to occur before generating an 
Interrupt. When set to zero interrupt Is disabled. 


Shift Register Control 


0x74 


SrclkPre 


14 


0x0000 


Number of phidk cycles between phi_ isynci falling 
edge and phLsrdk pulse generation, or printhead 
data transfer 


0x78 


SrdkPosI 


14 


0x0000 


Number of phidk cycles allowed margin from last 
srdk pulse in a line to before next line sync 


0x7C-Ox80 


PrintHeadRate[l:0] 


2x16 


OxFFFF 


Specifies the active to inactive ratio of phi^srdk for 
the printhead ICs. A 1 indicates Active. 
Bus 0 - Printhead IC channel A 
Bus 1 - Printhead IC channel B 


0x84 


DotOrderMode 


1 


0x0 


Specifies the dot transmit order to the printhead ! 
Channel A. Printhead Channel B is always the 
opposing order. 

0 - Even before Odd dots 

1 - Odd before Even dots 


Fire Control 


0x88 


ProfilePre 


14 


0x0000 


Number of phidk cycles phi_tsynci tailing edge and 
phi_profii9 pulse generation 
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Table 164. PHI registers description 









mmmmmm 


0x8C • 


Profile Low 


14 


0x0000 


Number of phidk cycles pN^_profite should remain 
low. 


0x90 


ProfileHlgh 


14 


0x0000 


Number of phi&k cycles phtpraWa should remain 
high. 


0x94 


ProfiJeNum 


16 


0x0000 


Number of profile pulses per Dne time. 


0x98 


FrclkPre 


14 


0x0000 


Number of phlctk cydes phi^tsynd falling edge and 
phljrctk pulse generation 


0x9C 


FrctkLow 


14 


0x0000 


Number of pn/cflc cydes phf_fncfk should remain 
low. 


OxAO 


FrcHcHIgh 


14 


0x0000 


Number of phfdk cydes phUrdk should remain 
high. 


0xA4 


FrclkNum 


16 


0x0000 


Number of phLfrcfk pulses per line time. 


Working Registers 


OxAS-OxAC 


UneDotCnt 


2x16 


0x0000 


Indicates the number of dot processed In the cur- 
rent line 

Bus 0 - Printhead Channel A 
Bus 1 - Printhead Channel B 
(Read Only Registers) 


OxBO 


LfneCnt 


32 


0x0000 
_0000 


indicates the number of lines processed in this page 
(Read Only Register) 



The configuration registers in the PHI block are clocked at pclk rates but several blocks in the PHI are 
clocked by different and asynchronous clocks. Configuration values are not re-synchronized, it is therefore 
important that the Go register be set to zero while updating configuration values. This prevents logic from 
entering unknown states due to metastable clock domain transfers. 



Some registers can be written to at any time such as the direct CPU control registers {PrintHeadCpuIn, 
PrintHeadCpuDir, PrintHeadCpuOut and PrintHeadCpuCtrf), the Go register and the PrintStart register. 
All registers can be read from at any time. 

When one of the direct CPU control registers are written to the configuration registers block generates a 2 
cycle pulse (cpu_io_wr) which is used to transfer the pin control signals from the pclk domain to the phiclk 
domain. The cpu_io_wr signal is a delayed version of the write enable from the CPU. 

32.9.4 Dot counter 

The dot counter keeps a running count of the number of dots fired for each color plane. The counters are 
32 bits wide and will saturate. When the CPU wants to read the dot count for a particular color plane it 
must write to the DotCountSnap register. This causes all 6 running counter values to be transferred to the 
DotCount registers in the configuration registers block. The running counter values are reset ' 
// reset if being snapped 
if (dot_cnt_snap ss l) then{ 

dot_count [5:0J » accunudot_count (5 : 0] 

accunudot_count [5 :0] = 0 

> 

// update the counts 

for {color=0; color < 6?color*+) { 

if (accum_dot_count {color) != Oxffff_ffff> ( 
// data valid, first dot stream 

dota_valid * ( <phi_llu_ ready [0] 1) AND (llu_phi_avail [0] == 1)) 
if <{data_valid == 1) AND Ulu_phi_data [0] [color] « 1)) then 
accunv_dot_count (color J ++ 
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// data valid, second dot stream 

data_valid = ( (phi_llu_ready (1) « 1) AND < llu_j>hi__avail {1) l) ) 
if ((data_valid =*= 1) AND (llu_phi_data(l J (color) »« 1)) then 
accu«udot_count [color] ♦+ 

} 

) 

32.9.5 Sync generator 

The sync generator logic has two modes of operation, master and slave mode. In master mode (configured 
by the PhiMode register) it generates the lsyncl__o output based on configured values and control triggers 
from the PHI controller. In slave mode it de-glitches the incoming Isyncljt signal, and filters the Isyncl sig- 
nal with the minimum configured period. 



<— * -Nis 
Reset 



Reset Qfl ntri qo pufte»-j 

v lsync<_0 - 1 



gync #n«T,1 AMP 
COuftt • t$ync_pF9 



aync en— Q 



count — 



^ ^SyncPre ^ 



eo^l AND 



teyncLo- 1 



cpum--Q AND las 

count - isyncjo* 
lin*_«t « \ 



last llrra.— 0 



^SyncWait^«- 



Machine remains In same stats by default 
All outputs are zero unless otherwise stated 
State Description: 
Reset Normal reset state 

, SyncPre: Count the LsyncPre number of clock cycles 

SyncLow: Count the LsyncLow number of clock 
cyclea 

SyncHigh: Count the LsyncHIgh number of dock 



:_tow 



count IgQ 
Count - 



frvnc aHa ea 1 

count - tsync_mij\j)erlod 

OnejM- 1 



countiaO 



SyncLow^ ^.o-o j^^yricPeriod^ 



Sync Wait: Wait for an input I sync pulse 

SyncPerfod: Count the LsyncMlnperiod number of clock 
cycles 



CQUfflggfl 

count - tsync_Ngh 



»[ ^SyncH^T) 



count « toync_nrun_peftod 



Isvnc nutao — 1 AMP cnunti-Q 
3ync_efT -1 



byncf^O - 1 



counts AND last fine. 



Figure 244. Sync generator state diagram 



After reset or a pulse on phi_go_pulse the machine returns to the Reset state, regardless of what state it's 
currently in. 

The state machine waits until it's enabled (sync_en=l) by the PHI controller state machine. When 
enabled it can proceed to the SyncPre or SyncWait depending on whether the state machine is configured 
in master or slave mode. In master mode it generates the Isyncl pulses, in slave mode it receives and filters 
the Isyncl pulses from the master sync generator. 

On transition to the SyncPre state a counter is loaded with the LsyncPre value, and while in the SyncPre 
the counter is decremented. When the count is zero the machine proceeds to the SyncLow state pulsing the 
line_st signal on transition and loading the counter with LsyncLow value. This indicates to the PHI con- 
troller the line start aligned to the Isyncl negative edge. 
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The machine waits in the SyncLow state until the counter has decremented to zero. It proceeds to the Syn- 
cHigh state and counts LsyncHigk number of cycles. While in LsyncLow state the byncl_o output is set to 
0 and in SyncHigh the lsyncl_o output is set to I . 

When the count is zero and the current line is not the last (lastjine — 0), the machine returns to the Syn- 
cLow state to begin generating a new line sync pulse. The transition pulses the line _jt signal to the PHI 
controller. 

The loop is repeated until the current line is the last (lastjine =1), and the machine returns to the Reset 
state to wait for the next page start 

In slave mode the state machine proceeds to the SyncWait state when enabled. It waits in this state until a 
lsync_pulse is received from the input de-glitch circuit. When a pulse is detected the machine jumps to the 
SyncPeriod state and begins counting down the LsyncMinPeriod number of clock cycles before returning 
to the SyncWait state. On transition from the SyncWait to the SyncPeriod state the line jst signal to the PHI 
controller is pulsed to indicate the line start. While in the SyncPeriod state if a lsync_pulse is detected the 
state machine will signal a sync error (via syncjzrr) to the PHI controller and cause a buffer underrun 
interrupt. 



32.9.5.1 Lsyncl input de-glitch 



The Isyncji input is considered an asynchronous input to the PHI, and is passed through a synchronizer to 
reduce the possibility of metastable states occurring before being passed to the de-glitch logic. 

The input de-glitch logic rejects input states of duration less than the configured number of clock cycles 
(lsync_deglitch_cnt) t input states of greater duration are reflected on the output, and are negative edge 
detected to produce the lsync_pulse signal to the main generator state machine. The counter logic is given 
by 

if ( l3ync_i != lsync_i_delay) then 

cnt = lsync_deglitch_cnt 

output_en « 0 
elsif (cnt « 0 ) then 

cnt = cnt 

outj>ut_en = 1 
else 

cnt -- 

output_en = 0 



IsyncJ - 



gynchonjzBr 



1 



1 



» sync J_tte lay 



-C5 



lsync_degfitch_cnt . 



*s c nt 

Counter P 
Logic 



Compare 

— z — 



Pulse 
Generator 



output en 



lsync_putso 



Figure 245. Une sync de-glitch RTL diagram 



32.9.5.2 Line Sync Interrupt logic 



The line sync interrupt logic counts the number of line syncs that occur (either internally or externally gen- 
erated line syncs) and determines whether to generate an interrupt or not. The number of line syncs it 
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counts before an interrupt is generated is configured by the LineSyncInterrupt register. The interrupt is dis- 
abled if LineSyncInterrupt is set to zero. 
// implement the interrupt counter 
if (phi_go_pulse ==1) then 

line_qount = 0 
elsif (line_st == 1) AND (line_count == 0)) then 

line_count = lineeount_int 
elsif ((line_st «= 1> AND (line_count != 0)) then 

line_count — 
// determine when to pulse the interrupt 
if (linesync_int 0 ) then // interrupt disabled 

phi_icu_linesync_int = 0; 
elsif ((line_et == 1) AND (line_count == 1)) then 

phi_icu_linesync_int » 1 



32.9.6 Fire generator 

The fire generator block creates the signal profile for the phijrclk and phi^profile signals to the printhead. 
The profile is based on configured values and is timed in relation to the fire _sync pulse from the PHI con- 
troller block. 



Reset OR pfii bo ouhflBHi 



et|>a 



■+ Q Reset ^ 



ftro_rdy- 1 



count ■ frcik_pra 



gjg^l ^ FireP^ ) pnj 



<• count - f rcfK_hiQft 

X ^ f repeaucount • Cnrfk.num 

f C RreHigh J p*Uicot-i 



count wQ 
repeaijeoum - 



count-^Q 
count - frco<jow 



(^( ^ FireLow ^ 



phl_fttik-0 



Machine remains in same state by default 
All outputs are zero unless otherwise stated 

State Description: 

Reset: Normal reset state 

FirePre: Count the FrdkPre number of dock cydes, 
repeat count set to FrctkNum 

RreHigh: Count the FrdkHIgh number of dock cydes 

FireLow: Count the FrdkLow number of dock cydes 



Figure 246. Fire generator state diagram 

The fire generator consists of 2 identical state machines for creating the phi _Jrclk and phi_prvfile signals 
respectively. 

The machine is reset to the Reset state when phi_go_pulse =1 or the reset is active, regardless of the cur- 
rent state. 

The machine waits in the reset state until it receives a fire _st pulse from the PHI controller. The controller 
will generate afire^st pulse at the beginning of each dot line. On the state transition the cycle counter is 
loaded with the FrclkPre value and the repeat counter is loaded with the FrclkNum value. 
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The state machine waits in the FirePre state until the cycle counter is zero, after which it jumps to the Fire- 
High state and loads the cycle counter with FrclkHigh value. Again the state machine waits until the count 
is zero and then proceeds to the FireLow state. On transition the cycle counter is loaded with the FireLow 
value. The state machine waits in the FireLow state while the cycle counter is decremented. 

When the cycle counter reaches zero and the repeat_count is non-zero, the repeat^count is decremented, 
the cycle counter is loaded with the FrclkHigh value and the state machine jumps to the FireHigh state to 
repeat the phijrclk generation cycle. The loop is repeated until the repeatjzount is zero. In such cases the 
state machine goes to the reset state and waits for the next fire _jt pulse. 

When in the Reset state the firejrdy signal is active to indicate to the controller that the fire generator is 
ready. 



The PHI controller is responsible for controlling all functions of the PHI block on a line by line basis. It 
controls and synchronizes the sync generator, the fire generator, and datapath unit, as well as signalling 



32.9.7 



PHI controller 
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back to the CPU the PHI status. It also contains a line counter to determine when a full page has completed 
printing. 

Reset OR ohl go putse»-1 

\ 

^ Reset ^ 4 



c 



pnl qo=l 



FirstLine 



> 



•pagoJen.Dno 



data ftn=1 

lino^count - 
^PrintstarP^ 



data fin *<* 1 ANfi 

line count <paaa Ian It™ 
llne_count - 



SyncWait J sync_en«l 



"™» st c > 1 
data_st «= i 
flra.st » 1 
Bync_st a 1 



LineTraas 



data BnoolANn 

na wunt^ t 

line_courM- 



llffl- 



ft 



ntsft »l 



< 



data flnlsl 



Bhl op pulaflsd 



«ync_en »1 



A MD + I 

-a^Underrun ^ underrun_error «*1 



LastUne 



last_llno =1 
sync_en oi 



Figure 247. PHI controller state machine 

The PHI controller state machine is reset to Reset state by a reset or phi _go^pulse = 1 . 

It will remain in reset until the block is enabled by phi^go — 1 . Once enabled the state machine will jump 
to the FirstLine state, trigger the transfer of one line of data to the printhead (data_st =* 1) and the line 
counter will be initialized to the page length (PageLenLine). Once the line is transferred (data Jin from the 
datapath unit) the machine will go to Printstart state and signal the CPU using an interrupt that the PHI is 
ready to begin printing (phi_icu_print_rdyy The line counter will also be decremented. It will then wait in 
the Printstart state until the CPU acknowledges the print ready signal and enables printing by writing to 
the PrintStart register. 

The state machine proceeds to the SyncWait state and waits for a line start condition (line_st «=1). The line 
start condition is different depending on whether the PHI is configured as being in a master or slave 
SoPEC (the PhiMode register). In either case the sync generator determines the correct line start source 
and signals the PHI controller via the line^st signal. Once received the machine proceeds to the LineTrans 
state, with the transition triggering the fire generator to start (fire _?t) t the datapath unit to start (data^st) 
and the sync generator to start (sync_si). 
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While in the LineTrans state the fire, sync and datapath unit will be producing line data. When finished 
processing a line the datapath unit will assert the line finished (line Jin) signal. If the line counter is not 
equal to 1 (i.e. not the last line) the state machine will jump back to the SyncWait state and wait for the start 
condition for the next line. The line counter will be decremented. If the line counter is one then the 
machine will proceed to the LastLine state. 

The LastLine state generates one more line of fire pulses to print the last line held in the shift registers of 
the printhead. Once complete {fire Jin =»1) the state machine returns to the reset state and waits for the 
next page of data. On page completion the state machine generates a phijcu_pagejinish interrupt to sig- 
nal to the CPU that the page has completed, the phijeujjagejinishwin also cause the Go register to reset 
automatically. 

While the state machine is in the LineTrans state (or in FirstLine state and the PHI is in slave mode) and 
waiting for the datapath unit to complete line processing, it is possible (e.g. an excessive PEP stall) that a 
new line start condition occurs but the datapath unit is not ready. In this case an underrun error is gener- 
ated. The state machine goes to the Underrun state and generates a phijeujunderrun interrupt to the 
CPU. The PHI cannot recover from a buffer underrun error, the CPU must reset the PEP blocks and re- 
start printing. The phijeujunderrun will also cause the Go register to reset automatically. 



32.9.8 CPU IO control 



The CPU IO control block is responsible for accepting CPU direct IO control signals from the configura- 
tion registers (at pclk frequency) and trarisferring them to phiclk frequency. It also accepts the input signals 
from the printhead and re-synchronizes them to the pclk domain, and debug signals from the RDU and 
muxes them to output pins. 

Table 161 contains the direct mapping of configuration registers to printhead IO pins. Direct CPU control 
is enabled only when PrintHeadCpuCtrl is set to one. In normal operation (i.e. PrintHeadCpuCtrl — 0) 
the printhead data pins are always in output mode (phi _j>h_data_e = 1 ), the phijbyncl will be in output if 
the SoPEC is the master, i.e. phijsyncl_e » phi_ntode, and readl will be set high. 

The pseudocode for the CPU IO control is: 

if (printhead_cpu_ctrl L) then // CPU access enabled 
// outputs 

phi_ph_data_o[0] [1 :0J o printhead_cpu_out t 1 : 0] 

phi_ph_data_o [ 1) [ 1 : 0] » pr inthead_cpu_out [3:2] 

phi_lsyncl_o = printhead_cpu_out (4 J 

phi_readl = printhead_cpu_ out (5 J 

phi_srclk[l : 0] - print hea<3Lcpu_out (7 16] 

phi^f rclk o . print head_cpu_ out (8 J 

phi^profile = printhead_cpu_out [9] 
// direction control 

phi_ph_data_e [ 0 J [ 1 : 0] * pr inthead_cpu__dir [1:0] 

phi_ph_data_e[l] [1:0] ■ print head_cpu_dir [ 3 : 2 ] 

phi_lsyncl_ e « printhead_cpu_dir [4) 
// input assignments 

printhead_cpu_in[l : 0] «= synchronize < phi _ph_data_i [0] [1 j 0] ) 

printhead_cpu_in [3:2] = synchronize <phi_ph_data_i [ l ) [1:0]) 

printhead_cpu_in[5] = synchronize <phi_lsyncl_i [ 0] [ 1 : 0] ) 
else // normal connections 
// outputs 

philjph_data_o{oni:0] * ph_data[0] [1:0] 

phi_jph_data_o[l] [1:0]. » ph_data[l) [1:0] 

phi_lsyncl_o = lsync_o 

phi — readl » 1 

phi_srclk[l:0] « srclk[l:0] 

phi_frclk o frclk 

phi_pro£ile « profile 
// direction control 
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phi_ph_data_e[OJ [1x0] = 0x3 
phi_ph_data_e[l] [1:0] = 0x3 

phi_lsyncl_e = phi_mode // depends on Master or Slave mode 

// inputs 

lsyncl_i * phi_lsync_i // connected regardless 

// debug overrides any other connections 
if (debug_cntrl[0) 1) then 

phi_frclk » debug_data_out(0] 

phi_readl = pclk 

if <debug_cntrlUJ == 1) then 

phi_profile » debug_data_out[l] 

if <debug_cntrl(2] « l) then 

phi_lsyncl_o - debug_data_out [ 2 ] 

phi_layncl_e = 1 

The debug signalling is controlled by the RDU block (see Section 11.8 Realtime Debug Unit (RJDU)), the 
IO control in the PHI muxes debug data onto the PHI pins based on the control signals from the RDU. 
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32.9.9 Datapath Unit 
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dol_mafQin|OJ 



prt_aeria>_onJertO) 
phead_mp 



1 1 pclk domain (160 Mhz) ' '« dodk domain (320 Mhz) i i pHdk domain (108 Mhz) 

Figure 248. Datapath Unit partition 
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S3 



32.9.10 Dot order controller 

Reset OR phi 90 pulstol 



Reset ^ 



dot_order_rdy »1 



data st«=l 
dot_cnt_rst = 1 



^ UneStart ^ 



mode_sel «■ dot_order_mode 

ifO] o ~(mld_ptf0]) 
ger>_eri[1i» -<mld_pt(i)) 



gen.enK 



mid DtfVQ^u 



Q UneMid J 



mode_set = dot_order_mode 
gen_en[0) « 0 
gen_enfi)«0 



fine finfliQ^T 



X mode.sel ° -(dot_or<ter_mode) 
UneEnd J gen_en(01 » mtd jrtfo} 
y gen_en[l] a mfd_pt|l] 



Machine remains in same state by default 
All outputs are zero unless otherwise stated 

State Description: 

Reset Normal reset state 

Unestart: Start processing first part of the line, wait for 
both mid _pt to be active 

LineMId: Switch over wait state allow pipeline to clear 

UneEnd: Line end processing waft for both Rnejin to be 
active 



Figure 249. Dot Order controller state diagram 

The dot order controller is responsible for controlling the dot order blocks. It monitors the status of each 
block and determines the switch over point, at which the connections from odd and even dot streams to 
printhead channels are swapped. 

I The machine is reset to the Reset state when phi^go^ulse = 1 or the reset is active. The machine will 

wait until it receives a data_st pulse from the PHI controller before proceeding to the LineStart state. On 
the transition to the LineStart state it will reset the dot counter in each dot order block via the dotjzntjrst 
signal. 

While in the LineStart state both dot order blocks are enabled (gen_en=\). The dot order blocks process 
data until each of them reach their mid point. The mid point of a line is defined by the configured printhead 
I size (i.e. print Jtead^jsize). When a dot order block reaches the mid point it immediately stops processing 

and waits for the remaining dot order block. When both dot order blocks are at the mid point (mid _pt 
1 1) the controller clocks through the LineMid state to allow the pipeline to empty and immediately goes to 
LineEnd state. 

In the LineEnd state the mode^sel is switched and the dot order blocks re-enabled, in this state the dot 
order blocks are reading data from the opposite LLU dot data stream as in LineStart state. The controller 
remains in the LineEnd state until both dot order blocks have processed a line i.e. line Jin =11. 

On completion of both blocks the controller returns to the Reset state and again awaits the next data_st 
pulse from the PHI controller. When in Reset state the machine signals the PHI controller that it's ready to 
begin processing dot data via the dot_order_rdy signal. 
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The dot order controller selects which dot streams should feed which printhead channels. The order can be 
changed by configuring the DotOrderMode register. In all cases Channel A and Channel B must be in 
opposing dot order modes. Table 158 shows the possible modes of operation. 



Table 165. Mode selection In Dot order controller. 









A 


0 


0 


Even before Odd (EBO mode), even dot stream feeds 
Channel A printhead. first half line. 


0 


1 


Odd before Even (OBE mode), odd dot stream feeds 
Channel A printhead, first half tine. 


1 


0 


Even before Odd (EBO mode), even dot stream feeds 
Channel A printhead, second half line. 


1 


1 


Odd before Even (OBE mode), odd dot stream feeds 
Channel A printhead, second half line. 


B 


0 


0 


Odd before Even (OBE mode), odd dot stream feeds 
Channel B printhead, second half line 


0 


1 


Even before Odd (EBO mode), even dot stream feeds 
Channel B printhead, second half line. 


1 


0 


Odd before Even (OBE mode), odd dot stream feeds 
Channel B printhead. first half fine. 


1 


1 


Even before Odd (EBO mode), even dot stream feeds 
Channel 8 printhead, first half (Ine. 



32.9. 10.1 Dot order unit 

The dot order control accepts dot data from either dot stream from the LLU and writes the dot data into the 
dot buffer. It has two modes of operation, odd before even (OBE) and even before odd (EBO). In the OBE 
mode data from the odd stream dot data is accepted first then even, in EBO mode it's vice versa. The mode 
is configurable by the DotOrderMode register. 

The dot order unit maintains a dot count that is decremented each time a new dot is received from the 
LLU. The dot order controller resets the dot counter to the prihtjieadjsize[15:0] at the start of a new line 
via the dot_cnt_rst signal. The dot count is compared with the printhead size (printJieadj5ize[lS:0J 
divided by 2) to determine the mid point (mtd^pt) and the line finish point (line^fin) when the dot counter 
is zero. 

The mid point is defined as the half the number of dots in a particular printhead, and is given by the 
print_headjsize bus. 
// define the mid point 

if <dot_cnt [15:0] »» print_heao\_size [ 15 : 1] ) then 

mic*_pt » 1 
else 

mid _pt = 0 

The dot order unit logic maintains the dot data write pointer. Each time a new dot is written to the dot 
buffer the write pointer is incremented. The fill level of the dot buffer is determined by comparing the read 
and write pointers. The fill level is used to determine when to backpressure the LLU (ready signal) due to 
the dot buffer filling. A suitable threshold value is determined to allow for the full LLU pipeline to empty 
into the dot buffer. 

The dot order stalling control is given by; 

// determine the ready/avail signal to use, based on mode select 
if (mode_sel == 1) then 

detractive = llu.jphi^ avail (01 AND ready 

wr_data = llu_phi_data [ 0] 
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else 

dot_active = llu_phi_avail [ 1 J AND ready 

wr_data = llu_phi_data [ 1] 
// update the counters 
if (do tractive 1) then { 

wr_en = l 

wr_adr ++ 

if (dot_cnt "u 0) then 



else 

dot_cnt — 

) 

The dot writer needs to determine when to stall the LLU dot data stream. A number of factors could stall 
the dot stream in the LLU such as buffer filling, waiting for the mid point, waiting for the line finish or the 
dot order controller is waiting for the line start condition from the PHI controller. 

The stall logic is given by: 

// determine when to stall the LLU generator 
f ill_level - wr_ adr - rd_adr 

if (fill_level > (32 - THRESHOLD ) ) then // THRESHOLD is open value TBD 

ready =0 // buffer is close to full 

els if ( gen_en 0> then 

ready =0 // stalled by the datapath controller 



I 



dot_cnt = print_head_size 



else 



ready * 1 



// everything good no stall 
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Machine remains in same state by default 
All outputs are zero unless otherwise stated 

State Description: 

Reset: Normal reset state 

SrclkPre: Count the SrclkPre number of clock cycles 

OataGen: Read Line Dot data from buffer 

MarginGen: Generate DotMargIn number of dots 

SrclkPosl: Wait for SrcIkPosl number of cycles 

count - prtnt_h«ad_9iza 




Figure 250. Data generator state diagram 

The data generator block reads data from the dot buffer and feeds dot data to the printhead at a configured 
rate {set by the PrintheadRate). It also generates the margin zero data and aligns the dot data generation to 
the synchronization pulse from the PHI controller. 

The data generator controller waits in Reset state until it receives a line start pulse from the PHI controller 
(datajst signal). Once a start pulse is received it proceeds to the SrclkPre state loading a counter with the 
SrclkPre value. While in this state it decrements the counter. No data is read or output at this stage. When 
the count is zero the machine proceeds to the DataGen state. 

On transition it loads the counter with the printhead size (print_head _jize\ If margining is to be used then 
the configured prin t_head_size should be adjusted by the dot margin value i.e. print Jxead _jize - 
{phy sical_print Jxead jize - (dot_margin * 2)). 

While in DataGen state data is read from the dot buffer and output to the printhead. The counter will dec- 
rement for every dot data word transferred. The exact rate is dictated by the dot buffer fill levels and the 
configured printhead rate {PrintheadRate). 

The generator determines the rate by incrementing a rate counter (rate_cnt) while in the DataGen state. 
The rate counter is allowed to wrap normally. If the bit selected by the rate_cnt in the print Jiead _rate bus 
is one data is transferred, otherwise the cycle is skipped. If the PrintHeadRate is set to all zeros then no 
data will ever get transferred. The pseudo-code for the DataGen state is given by: 
// increment the rate count 
rate_cnt 

// determine if date should be read 



32.9.10.2 Data generator 

Rfflfll QR BM Qfl putiin— 1 



< 



cnunligfl 
count 



J 



Reset )dataL«en.fin.1 



count m »rcfk_pre_toad 



[ ( SrclkPre ) 
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// first determine if data is available in buffer 
if (rd_adr ! = wr_ adr ) .then 

if (print_head_rate[rate_cnt] 1 ) then 

dot_active = 1 

gate_srclk = 1 

rd_adr ++ 

dot_data = rd_data 
count -- 
else 

dot_active » 0 
gate_srclk » 0 

else 

do tractive = 0 
gate_srclk «» 0 

When the counter reaches zero the state machine will jump to the MarginGen state if the configured mar- 
gin value is non-zero, otherwise it will jump directly to the SrclkPost state. On transition to MarginGen 
state it loads the cycle counter with the dot_margin value, and begins to count down. While in the Margin- 
Gen state the data generator logic block writes dot data to the printhead but does not read from the dot 
buffers. It creates zero dot data words for the margin duration. 

When the counter reaches zero the machine jumps to the SrclkPost state, loads the clock counter with the 
SrclkPost value and decrements. When the count is finished the state machine returns to the Reset and 
awaits the next start pulse. Should a line sync arrive before the data generators have completed {data Jin 
signal) the PHI controller will detect a print error and stall the PHI interface. 



32.9. 10.3 Data seriafizer 

The data serializer block converts 6-bit dot data at phiclk rates (nominally 106 MHz) to 2-bit data at doclk 
rates (nominally 320 MHz). 

phldk . | 



doclk 



<tot_data|5:0J 



Invalid 



3C 



VaHd[5:0] *"")( ValM[5.-Q) X Invalid , \ 



gate_srcik / __ \ 

gate_srdk_del 



J 



srdk 



L_ 

Li~i_r~L_n_n_n_r 

Figure 251. Data serializer timing 



The srclk is only active when data is available for transfer to the printhead, as enabled by the gatejsrclk 
signal, The data rate mechanism in the data generator block will mean that data is not transferred to the 
printhead on every phiclk cycle. Both the dotjiata and gatejsrclk signals are clocked out by the phiclk and 
can only change on the rising of phiclk. 
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The data serializer block allows easy separation of clock gating and clock to logic structures from the rest 
of the PHI interface. All registers in the block are clocked at doclk rates. 



phead_swap ■ 
<JoutatetOH5:01 - 



dot_<tetfll1H5:0] - 



phldk- 
phLseriaLwter- 



Hi 



Mux Logic 



phead.swap- 
gate_ftrclk(0] - 

gate.srdkfl] - 
doclk 



do>Ldata[3:21 ^ 



dot dataf5:4l ^ 



gate _&rdk del 



-> ph_data(1:0l 



r 



Slock 
ate 



► srctk 



Figure 252. Data serializer RTL Oiagram 

The mux logic determines which data bits from the dotjdata bus should be selected for output on the 
phjdata to the printhead. The selection is dependent on the phiclk edge, 
if (phiclk « 1> then 

mux_sel = 1 
elsif ( mux^sel 2 ) Chen 

mux_sel = 0 
else 

mux_sel++ 

The dot data serialization order can be configured by PhiSerialOrder register. If the PhiSerialOrder is zero 
the order is dot[l:0] t then dot[3:2] then dot[5:4J. If the register is one then the order is dot [5:4] % dot[3:2J, 
dot[l:0J. 
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Package and Test 
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33 Test Units 



33.1 JTAG INTERFACE 

A standard JTAG (Joint Test Action Group) Interface is included in SoPEC for Bonding and 10 testing 
purposes. The JTAG port will provide access to all internal BIST (Built In Self Test) structures. 

33.2 Scan Test I/O 

The SoPEC device will require several test IO's for running scan tests. In general scan in and scan out pins 
will be multiplexed with functional pins. 

33.3 . Analog Test Units 

33.3.1 USB PHY Testing 

The USB phy analog macro, will contain built-in in test structure, which can be access by either the CPU 
or through the JTAG port 

33.3.2 Embedded PLL Testing 

The embedded clock generator PLL will require test access from JTAG port. 
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34 SoPEC Pinning and Package 

34.1 Overview 

It is intended that the SoPEC package be a 100 pin LQFR Any spare pins in the package may be used by 
increasing the number of available GPIO pins or adding extra power and ground pin. The pin list shows the 
minimum pin requirement for the SoPEC device. 



Table 166. SoPEC Pin List 



limn 




Efte 


•TIM] 


mm 






Clocks and resets 


xtalln 


1 


i 


TBD 


N/A 


xtalln 


Crystal Input pin 


xtalout 


1 


o 


TBD 


N/A 


xtalout 


Crystal output pin 


resatjn 


1 


i 


LVTTL 


2.5V 


reset_n 


Asynchronous active tow reset 


Printhead Interface 


ph_data[O][0J 


2 


o 


LVDS 


3.3v 


phtprudata_o[0][0] 


Dot data for colors 0-2 for Prlnthead 0. 
Using differential signalling 






1 


LVTTL 


3.3v 


phi_ph_dataj[0] 


Input mode bit used for nozzle test 
result prlnthead 0 


ph_data[0]f1] 


2 


o 


LVOS 


3.3v 


phi_ph_data_o[0Hl) 


Dot data for colors 3-5 for Printhead 0. 
Using differentia) signalling 








LVTTL 


3.3v 


phLph_data_qi] 


Input mode bit used for temperature 
data prlnthead 0 


ph_data[1][0J 


2 


o 


LVDS 


3.3V 


phLph_data_o[1lI0] 


Dot data for colors 0-2 for Printhead 1 . 
Using differential signalling 






1 


LVTTL 


3.3v 


phl_ph_data_II1] 


Input mode bit used for nozzle test 
result printhead 1 


ph.data(1J11] 


2 


o 


LVDS 


3.3v 


phl_ph_data_o(1][1) 


Dot data lor colors 3-5 for Printhead 1. 
Using differential signalling 








LVTTL 


3.3v 


phLph_datajm 


Input mode bit used for temperature 
data prlnthead 1 


arelkf.0] 


2 


0 


LVDS 


3.3v 


phLsrctttfO] 


Differential dot data shift clock for prim 
head 0 


srctkjl) 


2 


o 


LVDS 


3.3v 


phL_srcflc(1J 


Differential dot data shift dock for print 
head 1 


read! 


1 


o 


LVTTL 


3.3v 


phLreadl 


Common Print head mode control 


frdk 


1 


o 


LVTTL 


3.3v 


phL.frcik 


Common Fire pattern shift dock, needs 
to toggle once per Are cycle 


profile 


1 


0 


LVTTL 


3.3v 


phi_profile 


Common Pulse profile for all colors 


bynd 


1 


o 


LVTTL 


3.3v 


pN_lsyncl^o 


Line Sync output from Master to Staves 






1 


LVTTL 


3.3v 


phijsyndj 


Une Sync input to Staves from Master 


USB Connections 


usbd 


2 


I/O 


Differen- 
tial 


3 3v 


Direct Phy Connection 


USB differential data 


JTAO 


tdo 


1 


o 


CMOS 


2.5v 


tdo 


JTAG Test data out port 


tms 


1 


1 


CMOS 


2.5v 


tms 


JTAQ Test mode select 


tdl 


1 


1 


CMOS 


2.5v 


tdl 


JTAG Test data In port 


tck 


1 


1 


CMOS 


2.5v 


tck 


JTAG Test access port clock 


General Purpose 10 
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Table 166. SoPEC Pin List 





HI 


ffl 


mm 


era 






gploi_3:0] 


4 


O 


CMOS 


2.5v 


gpto_o[3:0) 


Motor control pins / general purpose 
Output 






1 


CMOS 


2.5v 


gpfoJ[3:0J 


General purpose Input 


gpio[7:4| 


4 


o 


High 
Drive 
CMOS 


2.5v 


gpio_o[7:43 


LED driver pins / general purpose Out- 
put 






1 


CMOS 


2.5v 


gptojf7:4) 


General purpose Input 


gpto(ll:8] 


4 


o 


Open col* 
lector 


2.5v 


gplo_o[11:8] 


LSS interface pins / general purpose 
Output 






1 


CMOS 


2.5V 


gpk»Jp1:8] 


LSS interlace pins / general purpose 
Input 


gpio[13:i2] 


2 


o 


CMOS 


2,5v 1 


gpio_o{13:12] 


ISI Interface pins / general purpose 
Output 






1 


CMOS 


2.5v 


gpioJ[13:l2] 


IS! interface pins / general purpose 
Input 


Test Pins 










test_enable 


1 




CMOS 


2.5V 


TBD 


Test Enable 


generic_test 


5 


I/O 


CMOS 


2.5v 


TBD 


Generic test pin, function undefined 


Total Signal 
Plus 


45 














Power Pins 


gnd 


18 




Power 


N/A 


gnd 


gnd 


vdd 


10 




Power 


N/A 


vdd 


vdd 1 .5v, core voltage 


vdd250 


3 




Power 


N/A 


vdd250 


vdd 2.5v, IO voltage 


vdd330 


5 




Power 


N/A 


vdd330 


vdd 3.3v, IO voltage 


Total Pins 


81 





Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 536 



SoPEC : Hardware Design 



J3 



Mem jet Printhead 
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35 Memjet Printhead 



This section is quoted verbatim from SoPEC/MoPEC Bilithic Printhead Reference document [10]. 



35.1 Background 

Silverbrook's bilithic Memjet™ printheads are the target printheads for printing systems which will be 
controlled by SoPEC and MoPEC devices. 



This document presents the format and structure of these printheads, and describes the their possible 
arrangements in the target systems. It also defines a set of terms used to differentiate between the types of 
printheads and the systems which use them. 



Currently, this document is only concerned with the structure of the printheads and their systems, with 
regard to the way in which dot data is loaded. 

Refer to the Bilithic Printhead Specification [2] for the complete description of the functionality of these 
devices. 

This document relies on certain definitions and details presented in Bilithic Printhead Specification [2]. 



This document presents terminology and definitions used to describe the bilithic printhead systems. These 
terms and definitions are as follows: 

• Printhead Type - There are 3 parameters which define the type of printhead used in a system: 

• Direction of the data flow through the printhead (clockwise or anti-clockwise, with the printhead 

shooting ink down onto the page). 

• Location of the left-most dot (upper row or lower row, with respect to V+ ). 

• Printhead footprint (type A or type B, characterized by the data pin being on the left or the right of 

V+ where V+ is at the top of the printhead). 

• Printhead Arrangement - Even though there are 8 printhead types, each arrangement has to use a spe- 

cific pairing of printheads, as discussed in Section 35.4. This gives 4 pairs of printheads. However, 
because the paper can flow in either direction with respect to the printheads, there are a total of eight 
possible arrangements, e.g. Arrangement 1 has a Type 0 printhead on the left with respect to the 
paper flow, and a Type 1 printhead on the right Arrangement 2 uses the same printhead pair as 
Arrangement 1 , but the paper flows in the opposite direction. 

• Color 0 is always the first color plane encountered by the paper. 

• Dot 0 is defined as the nozzle which can print a dot in the left-most side of the page. 

• The Even Plane of a color corresponds to the row of nozzles that prints dot 0. 

Note that throughout this document, where the various printheads and systems are presented, the print- 
heads always shoot ink down onto the page. 

Figure 253 shows the 8 different possible printhead types. Type 0 is identical to the Right Printhead pre- 
sented in Figure 3 in [2], and Type 1 is the same as the Left Printhead as defined in [2). 



35.2 



Companion Documents 



35.3 



Definitions 
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While the printheads shown in Figure 253 look to be of equal width (having the same number of nozzles) it 
is important to remember that in a typical system, a pair of unequal sized printheads may be used. 
v + v + 



oo o 
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» o o o 



-e-e 
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Type 1 printhead 
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Type 6 printhead 



Type 7 printhead v 

Figure 253. Printhead Types 0 to 7 

Table 167 defines the printhead pairing and location of the each printhead type, with respect to the flow of 
paper, for the 8 possible arrangements 

Table 167. Definition of the different printhead arrangements 





^^^^^^^^^^^^^^ 




Arrangement 1 


Type 0 


Type 1 


Arrangement 2 


Type 1 


Type 0 


Arrangement 3 


Type 2 


Type 3 


Arrangement 4 


Type 3 


Type 2 


Arrangement 5 


Type 4 


Type 5 


Arrangement 6 


Type 5 


Type 4 


Arrangement 7 


Type6 


Type 7 


Arrangement 8 


Type 7 


Type 6 
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35.4 



BlUTHIC PRINTHEAD SYSTEMS 



When using the bilithic printheads, the position of the power/gnd bars coupled with the physical footprint 
of the printheads mean that we must use a specific pairing of printheads together for printing on the same 
side of an A4 (or wider) page, e.g. we must always use a Type 0 printhead with a Type 1 printhead etc. 

While a given printing system can use any one of the eight possible arrangements of printheads, this docu- 
ment only presents two of them, Arrangement 1 and Arrangement 2, for purposes of illustration. These 
two arrangements are discussed in subsequent sections of this document. However, the other 6 possibilities 
also need to be considered. 

The main difference between the two printhead arrangements discussed in this document is the direction 
of the paper flow. Because of this, the dot data has to be loaded differently in Arrangement 1 compared to 
Arrangement 2, in order to render the page correctly, 



Figure 254 shows an Arrangement 1 printing setup, where the bilithic printheads are arranged as follows: 

• The Type 0 printhead is on the left with respect to the direction of the paper flow. 

• The Type 1 printhead is oh the right. 



35.4.1 Example 1: Printhead Arrangement 1 
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Type 0 Printhead 



Type 1 Printhead 




The printheads are facing downwards. 
The ink is being shot down onto the page. 



Gnd 
ii n 



Direction 
of Paper Flow 



Figure 254. Identification of printheads nozzles and shift-register sequences for printheads in 

Arrangement 1 

Table 168 lists the order in which the dot data needs to be loaded into the above printhead system, to 
ensure color 0-dot 0 appears on the left side of the printed page. 



Table 168. Order in which the even and odd dots are loaded for printhead Arrangement 1 



^^^^^^^^^ 




^^^^^^^^ 


Odd 


Loaded second in 
descending order. 


Loaded first in 
descending order. 


Even 


Loaded first in 
ascending order. 


Loaded second in 
ascending order. 
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Figure 255 shows how the dot data is demultiplexed within the printheads. 
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Figure 255. Demultiplexing of data within the printheads in Arrangement 1 

Figure 256 and Figure 257 show the way in which the dot data needs to be loaded into the printheads in 
Arrangement 1, to ensure that color O-dot 0 appears on the left side of the printed page. 

Data[0] 
Data[l] 

srcik tjtjtjtjtjtjtjtti^^ 

Figure 256. Signalling for a Type 0 printhead in Arrangement 1 



Data[0] @@ 
Data[l] ©©(^^p^^ 



Figure 257. Signalling for a Type 1 printhead in Arrangement 1 



35.4.2 Example 2: Printhead Arrangement 2 

Figure 258 shows an Arrangement 2 printing setup, where the bilithic printheads are arranged as follows: 

• The Type 1 printhead is on the left with respect to the direction of the paper flow, 

• The Type 0 printhead is on the right. 
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The printheads are facing downwards. 
The ink is being shot down onto the page. 



Type 0 Printhead 



t t 

Direction 
of Paper Flow 
V+ 



Type 1 Printhead 




Gnd 

Figure 258. Identification of printheads nozzles and shift-register sequences for printheads in 

Arrangement 2 

Table 169 lists the order in which the dot data needs to be loaded into the above printhead system, to 
ensure color O-dot 0 appears on the left side of the printed page. 

Table 169. Order In which the even and odd dots are loaded for printhead Arrangement 2 





^whe^pr^thoggh^ 




Odd 


Loaded first In 
descending order. 


Loaded second in 
descending order. 


Even 


Loaded second in 
ascending order. 


Loaded first in 
ascending order. 
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Figure 259 shows how the dot data is demultiplexed within the printheads. 



Data[l] 



Data[0] 



Figure 259. Demultiplexing of data within the printheads in Arrangement 2 

Figure 260 and Figure 261 show the way in which the dot data needs to be loaded into the printheads in 
Arrangement 2, to ensure that color 0-dot 0 appears on the left side of the printed page. 

Data[0] 

Data[l] <£>®€2>©^^ 
SrClk ^TLTLTLnjnJlJn^^ 

Figure 260. Signalling for a Type 0 printhead in Arrangement 2 

Data[0] <®<£>©<g^ 
Data[l] ®@@<©^^ 
SrClk -T^TUIJIJIJIJIJTJ^ 

Figure 261. Signalling for a Type 1 printhead in Arrangement 2 

35.4.3 Conclusions 

Comparing the signalling diagrams for Arrangement 1 with those shown for Arrangement 2, it can be seen 
that the color/dot sequence output for a printhead type in Arrangement 1 is the reverse of the sequence for 
same printhead in Arrangement 2 in terms of the order in which the color plane data is output, as well as 
whether even or odd data is output first. However, the order within a color plane remains the same, i.e. odd 
descending, even ascending. 

From Figure 262 and Table 1 70, it can be seen that the plane which has to be loaded first (i.e. even or odd) 
depends on the arrangement. Also, the order in which the dots have to be loaded (e.g. even ascending or 
descending etc.) is dependent on the arrangement. 
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If the device controlling the printheads can re-order the bits according to the following criteria, then it 
should be able to operate in all the possible printhead arrangements: 

• Be able to output the even or odd plane first. 

• Be able to output even and odd planes in either ascending or descending order, independently. 

• Be able to reverse the sequence in which the color planes of a single dot are output to the printhead. 
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Figure 262. All 6 Printhead Arrangements 



Table 170. Order in which even and odd dots and planes are loaded into the various printhead 
arrangements 



&5 tc&^C* nth ea d Jlij^fift: 






Arrangement 1 


Even ascending loaded first 
Odd descending loaded second 


Odd descending loaded first 
Even ascending loaded second 


Arrangement 2 


Odd descending loaded first 
Even ascending loaded second 


Even ascending loaded first 
Odd descending loaded second 
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Table 170. Order In which even and odd dots and planes are loaded Into the various printhead 
arrangements 





mmmmMmm 








Arrangement 3 


Odd ascending loaded first 
Even descending loaded second 


Even descending loaded first 
Odd ascending loaded second 


Arrangement 4 


Even descending loaded first 
Odd ascending loaded second 


Odd ascending loaded first 
Even descending loaded second 


Arrangement 5 


Odd ascending loaded first 
Even descending loaded second 


Even descending loaded first 
Odd ascending loaded second 


Arrangement 6 


Even descending loaded first 
Odd ascending loaded second 


Odd ascending loaded first 
Even descending loaded second 


Arrangement 7 


Even ascending loaded first 
Odd descending loaded second 


Odd descending loaded first 
Even ascending loaded second 


Arrangement 8 


Odd descending loaded first 
Even ascending loaded second 


Even ascending loaded first 
Odd descending loaded second 
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